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ABSTRACT 

As better resolution in infrared spectroscopy becomes possible, more 

accurate measurement of line position is required. The technique to be 

described here involves a Michelson interferometer to detect angular 

motion of the grating table in an infrared spectrometer. The inter- 

ferometer has been set up on the specially-supported concrete pad used 

to insulate the infrared spectrometer from external vibrations. The 

fringes were steady, when the substitute table was not rotating, although 

the spectrometer was not in operation. The variation in intensity of 

the central fringe will be used to provide markers on the same medium 

on which the spectrum is recorded. 

and hopefully, they will be repeatable so they can be used as a repro- 

ducible scale for accurate measurement of line position. A brief review 

The markers will be closely spaced, 

of the past and current techniques for measuring line position places 

this technique in proper perspective. The basic Michelson interfero- 

meter is discussed, and then the reader is led through the reasoning for 

the optical layout chosen. The possible sources of errors are discussed, 

and estimates are made for the amount of error necessary to affect the 

accuracy of wave number measurements of spectral line positions by 

0.001 cm" using these markers. The optical alignment and specifications 

are given. Finally, suggestions are made concerning the setup and check- 

out of this interferometer. 
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CHAPTER I 

REVIEW OF PAST AND CURRENT TECHNIQUES FOR MEASURING 

SPECTRAL LINE POSITION 

Extreme accuracy and p r e c i s i o n  i n  t h e  measurement of l ine  p o s i t i o n  

were not  important during t h e  developmental per iod of i n f r a r e d  spectros-  

copy because of t h e  poor r e s o l u t i o n  obtained. 

g r a t i n g s  gave b e t t e r  r e s o l u t i o n ,  t h e  measurement of l i n e  p o s i t i o n  became 

more cr i t ical .  It is d e s i r a b l e  f o r  t h e  measurement of 3 t o  b e  t e n  times 

b e t t e r  than t h e  r e s o l u t i o n .  Now t h a t  r e s o l u t i o n  of t h e  o rde r  of 0.01 cm 

A s  improved o p t i c s  and 

-1 

appears poss ib l e ,  t h e  l i n e  p o s i t i o n  should be  measured t o  about 0.001 cm-'. 

A b r i e f  review of t h e  p a s t  and c u r r e n t  techniques f o r  measuring l i n e  

p o s i t i o n  i n  t h e  1 t o  25 micron range w i l l  p l a c e  the a u t h o r ' s  technique i n  

proper pe r spec t ive .  

During t h e  e a r l y  yea r s  of i n f r a r e d  spectroscopy t h e  wave numbers 

of s p e c t r a l  l i n e s  were simply c a l c u l a t e d  from t h e  g r a t i n g  equat ion 

v = nK csc 0 .  where 5 i s  t h e  l i n e  p o s i t i o n  i n  wave numbers of a s p e c t r a l  
- 

l i n e ,  n is t h e  s p e c t r a l  o rde r ,  K is a n  instrumental  cons t an t ,  and 0 is 

t h e  ang le  between t h e  p o s i t i o n s  of c e n t r a l  image and t h e  s p e c t r a l  l i n e .  

The constant  K depends on t h e  spacing of t h e  g r a t i n g  grooves and on t h e  

o p t i c a l  arrangement of t h e  spectrometer.  

measuring t h e  angles  a t  which known s p e c t r a l  l i n e s  are observed. 

ang le  8 i s  obtained from a graduated c i rc le  upon which t h e  g r a t i n g  

r o t a t e s .  

The constant  K is determined by 

The 

Th i s  method does n o t  y i e l d  very a c c u r a t e  r e s u l t s .  The accuracy 

1 
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t o  which t h e  angle  0 can be measured is l imi t ed ,  and t h e  cons tan t  K is 

not  necessa r i ly  cons tan t .  

Another method involves  recording known absorp t ion  o r  emission l i n e s  

on e i t h e r  s i d e  of t h e  unknown spectrum. 

between t h e  known l i n e s  and t h e i r  c h a r t  paper spacing so  t h a t  i n t e r -  

po la t ion  w i l l  g ive  t h e  p o s i t i o n  of an unknown l i n e .  

assumption must be  made t h a t  t h e  g ra t ing  d r i v e  i s  not  erratic. 

Then a c o r r e l a t i o n  is  made 

O f  course t h e  

The l a c k  of smoothness i n  t h e  rotaciof ia l  motion of t h e  g r a t i n g  

in t roduces  e r r o r  i n  t h e  recorded spectrum. To reduce t h i s  e r r o r  an 

i n t e r f e r o m e t r i c a l l y  con t ro l l ed  hydraul ic  mir ror  d r i v e  was  developed by 

Ameer and Benesch (1) f o r  high p rec i s ion  scanning. 

r e s u l t s  bu t  r e q u i r e s  constant  mechanical care and is l imi t ed  i n  range. 

The method g ives  good 

Rank e t  a l .  (2, 3 )  use  a wedge scanner wi th  t h e  g ra t ing  a t  rest t o  

scan accu ra t e ly  a s m a l l r a n g e  i n  wave number. 

t o  g e t  closely-spaced absorp t ion  l i n e s  i n  high order  which are recorded 

as wave number markers by t h e  same c h a r t  recorder  pen used in  recording 

t h e  unknown spectrum. It is important t o  have a s tandard l i n e  a v a i l a b l e  

f o r  every 8 cm i n t e r v a l ,  t h e  range of t h e  wedge scanner.  Fiduciary 

markers obtained from t h e  d r i v e  motor f o r  t h e  wedge scanner are used i n  

determining t h e  unknown l i n e  p o s i t i o n  from t h e  s tandard l i n e .  Since the  

s tandard l i n e s  are not  c l o s e  enough toge ther  i n  some p a r t s  of t h e  spectrum, 

in te rmedia te  markers by o the r  means are requi red  f o r  t hese  regions.  The 

wedge scanner is very accu ra t e  bu t  can only be  used f o r  a small range i n  

wave number. 

He  uses  an e c h e l l e  g ra t ing  

-1 
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Three b a s i c  techniques exist which u s e  a Fabry-Perot e t a lon .  One, 

method ( 4 )  involves  varying t h e  p re s su re  of t h e  gas between the e t a l o n  

p l a t e s .  

The scan is slow, however, and t h e  range is  extremely s m a l l .  The system 

can b e  d i f f i c u l t  t o  maintain i n  working o rde r .  The system is  c a l i b r a t e d  

by scanning through known l i n e s .  

The change i n  index of r e f r a c t i o n  causes  a scan i n  wavelength. 

By d i sp lac ing  (5) one of t h e  Fabry-Perot e t a l o n  p l a t e s  p a r a l l e l  t o  

i t s e l f  t h e  p l a t e  s e p a r a t i o n  can b e  changed t o  g i v e  a scan i n  wavelength. 

When used i n  t h e  f a r  i n f r a r e d ,  t h i s  method g ives  good r e s o l u t i o n ,  l i m i t e d  

by t h e  maximum range over which t h e  p l a t e  can b e  smoothly displaced.  

Progress  has been made i n  t h e  near  i n f r a r e d .  

technique depends on t h e  workmanship of t h e  moving p a r t s ,  and t h e  Fabry- 

The accuracy of t h i s  

Perot  e t a l o n s  must be  kep t  i n  proper alignment. This method r e q u i r e s  

access t o  a computer s o  t h a t  a Fourier  t ransform can be  performed on t h e  

recorded da ta .  Good r e s o l u t i o n  becomes i n c r e a s i n g l y  d i f f i c u l t  c l o s e r  t o  

t h e  near  i n f r a r e d .  Some of t h e  mechanical d i f f i c u l t i e s  are removed by a 

technique (6) which r e p l a c e s  t h e  t r a n s l a t i o n a l  motion of an e t a l o n  p l a t e  

by a r o t a t i o n a l  motion, though t h e  o t h e r  disadvantages remain. 

Another technique uses  so-called Fabry-Perot channel f r i n g e s .  I n  

t h i s  method t h e  index of r e f r a c t i o n  between t h e  e t a l o n  p l a t e s  and t h e  

e t a l o n  p l a t e  s e p a r a t i o n  are constant .  V i s i b l e  l i g h t  is passed through 

a prism t o  g e t  a small range i n  wavelength. Then the l i g h t  f a l l s  onto a 

Fabry-Perot e t a l o n ,  and only c e r t a i n  wavelengths pass  through. The l i g h t  

which g e t s  through then f a l l s  on t h e  g r a t i n g .  The motion of t h e  g r a t i n g  

b r ings  t h e s e  channel f r i n g e s  i n  succession a c r o s s  a d e t e c t o r .  The ou tpu t s  
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from t h e  two d e t e c t o r s  are pu t  on s e p a r a t e  pens of a c h a r t  recorder .  

This  technique g ives  f r i n g e s  equal ly  spaced i n  wave number nex t  t o  t h e  

unknown spectrum so  t h a t  i n t e r p o l a t i o n  can b e  performed t o  f i n d  l ine 

p o s i t i o n s .  The a b s o l u t e  p o s i t i o n s  on t h i s  wave number scale are determined 

by recording s u i t a b l e  i n f r a r e d  s tandards on t h e  pen normally used t o  record 

t h e  unknown s p e c t r a  and by recording t h e  channel f r i n g e s  on t h e i r  u sua l  

pen. Also,  

sometimes e i t h e r  t h e  known l i n e s  o r  t h e  channel f r i n g e s ,  o r  both,  cannot 

b e  obtained i n  t h e  r eg ion ’des i r ed .  The temperature of t h e  e t a l o n  must be 

kept constant .  The e t a l o n  spacing must n e c e s s a r i l y  be  q u i t e  s m a l l  i f  t h e  

channel f r i n g e s  are t o  be  c l o s e  enough toge the r  t o  serve as wave number 

markers. This problem is decreased i f  i n f r a r e d  l i g h t  can b e  used w i t h  

t h e  e t a l o n  and i f  an appropr i a t e  d e t e c t o r  f o r  t h e  i n f r a r e d  f r i n g e s  is  

a v a i l a b l e  a 

This  method cannot pu t  t h e  known l i n e s  as c l o s e  as des i r ed .  

Another method uses  emission l i n e s  as wave number markers on a double 

pen recorder .  

on t h e  o t h e r  pen i n  order  to u s e  t h e  emission l i n e s  f o r  a b s o l u t e  measure- 

The emission l i n e s  are recorded w i t h  known i n f r a r e d  l i n e s  

ments. 

l i ke  t o  have them. 

The s t anda rds  are no t  gene ra l ly  as c l o s e  together  as one would 

According t o  Garing (7) one group mounted one r e f l e c t o r  of a 

Michelson in t e r f e romete r  on a nu t  t h a t  rode t h e  screw d r i v i n g  t h e  tangent 

a r m .  

each t i m e  t h e  g r a t i n g  moved through a s m a l l  increment of a n g l e  and a 

f r i n g e  w a s  formed. The writer is  not  acquainted w i t h  the r e s u l t s  of 

t h i s  method o r  w i th  t h e  group. 

The i n t e r f e r e n c e  f r i n g e s  were used t o  p u t  a mark on chart paper 



CHAPTER I1 

THIS TECHNIQUE FOR MEASURING SPECTRAL LINE POSITION 

The method descr ibed i n  t h i s  t h e s i s  f o r  measuring s p e c t r a l  l i n e  

p o s i t i o n  w i l l  u se  a Michelson in t e r f e romete r  t o  d e t e c t  angular  motion 

of t h e  g r a t i n g  t a b l e .  

be  s p l i t  by a beam s p l i t t e r  i n t o  two beams which are then d i r e c t e d  t o  

The l i g h t  beam from a 6,328 Angstrom laser w i l l  

corner  cube r e f l e c t o r s  mounted on t h e  g r a t i n g  t a b l e .  

w i l l  make a double pass  through i ts  corner  cube. 

t h e  s e n s i t i v i t y  of t h e  in t e r f e romete r  by inc reas ing  t h e  pa th  d i f f e r e n c e  

a s soc ia t ed  with any given p o s i t i o n  of t h e  g r a t i n g  t a b l e .  

then r e t u r n  t o  t h e  beam s p l i t t e r  where po r t ions  of t h e  two beams combine 

and proceed t o  t h e  d e t e c t i o n  system. 

o p t i c a l  pa th  i n  one a r m  of t h e  in t e r f e romete r  w i l l  sho r t en ,  and t h e  

o p t i c a l  pa th  i n  t h e  o t h e r  a r m  w i l l  lengthen. 

f r i n g e  formation ( t o  be  discussed l a t e r )  can be  neglected,  then f r i n g e s  

w i l l  form and disappear  only when t h e  g r a t i n g  t a b l e  r o t a t e s .  

Each s p l i t  beam 

Double-passing inc reases  

The s p l i t  beams 

A s  t h e  g r a t i n g  t a b l e  rotates, t h e  

I f  sources  of unwanted 

A f r i n g e  

w i l l  be  formed each t i m e  t h e  t a b l e  r o t a t e s  through a s m a l l  increment of 

angle .  

p o s i t i o n  of t h e  g r a t i n g  table., The v a r i a t i o n  i n  l i g h t  i n t e n s i t y  w i l l  be  

de t ec t ed  and w i l l  b e  used t o  put  marker p i p s  on c h a r t  paper o r  on mag- 

n e t i c  tape.  Thus t h e  spacing of t h e  a s soc ia t ed  marker p i p s  w i l l  depend 

on t h e  angular  p o s i t i o n  of t h e  t a b l e .  

The s i z e  of t h i s  angular  increment w i l l  depend on t h e  angular 

Simultaneously, t h e  unknown spectrum 

5 
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w i l l  be  recorded on t h e  s a m e  c h a r t  paper o r  magnetic tape.  These markers 

w i l l  come c l o s e  enough s o  t h a t  i n t e r p o l a t i o n  between the markers w i l l  n o t  

be  required.  The spacing of t h e  markers w i l l  correspond t o  a wave number 

-1 i n t e r v a l  ranging from 0.004 t o  0.0002 c m  

t h e  p o s i t i o n  of t h e  g r a t i n g  t a b l e  and on t h e  s p e c t r a l  region.  

, t h e  exact va lue  depending on 

The markers may be used i n  one o r  more of several ways t o  determine 

t h e  l i n e  p o s i t i o n s  of unknown s p e c t r a l  l i n e s ,  assuming t h a t  sources  of 

unwanted f r i n g e  formation can b e  neglected.  

used i f  a check is needed, 

are now discussed.  

More than one method may be 

Several  poss ib l e  methods of using t h e  markers 

I n  t h e  f i r s t  method, a scan is  made t o  record known l i n e s  on e i t h e r  

s i d e  of t h e  unknown spec t r a .  

I f  t h e  range covered by t h e  g r a t i n g  during t h e  scan i s  small, then t h e  

spacing of t h e  markers may no t  change appreciably.  

p o l a t i o n  w i l l  g i v e  t h e  l i n e  p o s i t i o n s  of unknown s p e c t r a l  l i n e s  whfch l i e  

between t h e  known l i n e s .  For larger ranges i n  angle ,  t h e  spacing of t h e  

markers may change appreciably.  I n  such cases, some o t h e r  type of curve 

f i t t i n g  must be used. 

w i l l  be determined by t h e  type of curve f i t t i n g  t h a t  is  needed t o  i n t e r -  

p o l a t e  c o r r e c t l y  t h e  l i n e  p o s i t i o n  of a known l i n e  between two o the r  known 

l i n e s .  

where t h e  unknown spectrum w i l l  be  recorded. 

The marker p ips  are recorded simultaneously. 

I f  s o ,  l i n e a r  i n t e r -  

I n  a l l  cases ,  t h e  type of curve f i t t i n g  required 

The known l i n e s  used should l i e  i n  t h e  range of angular  p o s i t i o n  

Another means of using t h e  markers t o  determine l i n e  p o s i t i o n s  of 

unknown s p e c t r a l  l i n e s  r e q u i r e s  an a c c u r a t e  means of measuring t h e  a n g l e  

through which t h e  g r a t i n g  t a b l e  tu rns .  The r e l a t i o n s h i p  between a known 
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angular  r o t a t i o n  and t h e  number of marker spaces  recorded is es t ab l i shed .  

This r e l a t i o n s h i p  may be  l inear  o r  may r e q u i r e  more s o p h i s t i c a t e d  curve 

f i t t i n g ,  depending on t h e  range i n  angle.  Next, a scan is made from a 

s p e c t r a l  l i n e  whose angular  p o s i t i o n  and wavelength are known accura t e ly  

over t o  t h e  unknown s p e c t r a .  

angular  p o s i t i o n  t o  a s p e c i f i c  unknown l i n e  are then converted t o  a change 

i n  angular  p o s i t i o n .  The angular  p o s i t i o n  of t h e  unknown l i n e  is then 

found. 

The number of marker spaces  from the known 

F i n a l l y ,  t h e  g r a t i n g  equation is  used t o  f i n d  3 ,  t h e  l i n e  p o s i t i o n  

of t h e  unknown s p e c t r a l  l i n e ,  from t h e  o rde r  of the unknown l i n e ,  t h e  

angular  p o s i t i o n  of t h e  unknown l i n e ,  and t h e  g r a t i n g  constant .  The 

c a l i b r a t i o n  r e l a t i o n s h i p  should be determined from known l i n e s  recorded 

during t h e  scan through t h e  unknown s p e c t r a ,  s i n c e  t h e  c a l i b r a t i o n  may 

change from one scan t o  t h e  next .  I f  t h e  c a l i b r a t i o n  does no t  change 

no t i ceab ly  f o r  long per iods of t i m e ,  then of course t h e  c a l i b r a t i o n  need 

only be checked p e r i o d i c a l l y .  

S t i l l  another  method is  t o  record channel f r i n g e s  on one pen of t h e  

c h a r t  record while  recording t h e  marker p i p s  wi th  an event marker, 

Simultaneously, a scan is made to record one o r  more known s p e c t r a l  l i n e s  

and t h e  unknown s p e c t r a .  

wave number. 

f r i n g e s .  

from one channel f r i n g e  t o  the nex t ,  b u t  should only change over many 

channel f r i n g e s .  Therefore,  t h e  marker p i p s  can be  used t o  i n t e r p o l a t e ,  

probably l i n e a r l y ,  between any two channel f r i n g e s .  The channel f r i n g e s  

The channel f r i n g e s  w i l l  b e  spaced equa l ly  i n  

The marker p ips  w i l l  be c l o s e r  t oge the r  than t h e  channel 

The spacing of t h e  marker p i p s  should no t  change appreciably 
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w i l l  provide a coa r se  scale and t h e  marker p i p s  a f i n e  scale f o r  de t e r -  

mining t h e  l i n e  p o s i t i o n  of a n  unknown s p e c t r a l  l i n e  from a known line. 

The in t e r f e romete r  w i l l  b e  mounted i n s i d e  t h e  spectrometer vacuum 

tank so  t h e  temperature and index of r e f r a c t i o n  should b e  constant: and 

reproducible .  This  method is l imi t ed  i n  range t o  only several degrees of 

g r a t i n g  t a b l e  motion, but  t h i s  is  q u i t e  acceptable .  

set  e i t h e r  by a maximum path d i f f e r e n c e  allowed o r  by t h e  f a c t  t h a t  each 

corner  cube begins t o  leave t h e  beam from t h e  beam s p l i t t e r .  The latter 

e f f e c t  w i l l  determine t h e  maximum range i f  l a r g e  pa th  d i f f e r e n c e s  are no 

problem. 

and maintenance, 

The l i m i t  w i l l  b e  

The method is no t  slow and should b e  dependable i n  operat ion 

The in t e r f e romete r  has been set up on t h e  specially-supported concrete  

pad used t o  i n s u l a t e  t h e  i n f r a r e d  spectrometer from e x t e r n a l  v i b r a t i o n s .  

The f r i n g e s  w e r e  s t eady  when t h e  s u b s t i t u t e  t a b l e  was  no t  r o t a t i n g  

although t h e  spectrometer w a s  not  i n  operation., The d e t e c t o r  c i r c u i t  

w a s  ad jus t ed  s o  t h a t  v a r i a t i o n s  i n  t h e  i n t e n s i t y  of t h e  c e n t r a l  f r i n g e  

were e a s i l y  de t ec t ed .  



CHAPTER I11 

BASIC MICHELSON INTERFEROMETER 

The b a s i c  Michelson in t e r f e romete r  c o n s i s t s  of an extended source 

(S) of n e a r l y  monochromatic l i g h t ,  a bezm s p l i t t e r  (BS), two p lane  f r o n t -  

s u r f a c e  mi r ro r s  (M1 and M ), and a d e t e c t o r  (D) arranged as shown i n  

Figure 1. 

2 

Figure 1, Opt i ca l  l ayou t  of t h e  b a s i c  Michelssn interferometer .  

A l e n s  (L) is used i f  t h e  source is not  extended. The normals of t h e  

mi r ro r s  and beam s p l i t t e r s  are hor i zon ta l .  

ang le s  t o  each o t h e r ,  and t h e  beam s p l i t t e r  makes a 45 degree ang le  w i t h  

each of t h e  mirrors .  The l i g h t  beam from t h e  source is h o r i z o n t a l  and 

makes a 45 degree ang le  of t h e  incidence w i t h  t h e  beam s p l i t t e r .  

The mi r ro r s  are a t  r i g h t  

9 
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Light  f a l l i n g  on t h e  beam s p l i t t e r  a t  any ang le  of incidence w i l l  b e  

p a r t i a l l y  r e f l e c t e d  and p a r t i a l l y  t ransmit ted.  

i n t o  two beams of equal  i n t e n s i t y ,  then t h e  d i f f e r e n c e  i n  the i n t e n s i t y  

w i l l  c o n s t i t u t e  a s t eady  background of l i g h t  upon which f r i n g e s  are 

viewed, and t h e  c o n t r a s t  between t h e  b r i g h t  and dark f r i n g e s  is  reduced. 

Thus, i t  i s  important t o  make t h e  s p l i t  beams as c l o s e  t o  being equa l ly  

intense as poss ib l e .  To do t h i s  t h e  l i g h t  beam from t h e  source is 

d i r e c t e d  a t  a 45 degree ang le  of incidence on t h e  beam s p l i t t e r .  

beam s p l i t t e r  i t s e l f  has  an a n t i r e f l e c t i o n  coa t ing  on one of i t s  s u r f a c e s  

so  t h a t  as much of t h e  beam s p l i t t i n g  as p o s s i b l e  occurs a t  t h e  o t h e r  

su r face ,  c a l l e d  h e r e  t h e  primary su r face .  The primary s u r f a c e  has  a 

s p e c i a l  coat ing s o  t h a t  t ransmission equals  r e f l e c t a n c e  t o  within 2 t o  3 

percent .  Absorption is only a f r a c t i o n  of a percent .  Thus l i g h t  from 

t h e  source i s  separated i n t o  two beams ( 1  and 2 )  of about equal  i n t e n s i t y .  

I f  t h e  beam is  n o t  s p l i t  

The 

These beams are then r e f l e c t e d  

M2. The po r t ions  of each beam 

t h e  d e t e c t o r  i n t e r f e r e  as long 

maximum va lue  which depends on 

back toward t h e  beam s p l i t t e r  by M1 and 

which proceed from t h e  beam s p l i t t e r  toward 

as t h e  path d i f f e r e n c e  is less than some 

t h e  coherence l eng th  of t h e  l i g h t .  

C i r c u l a r  f r i n g e s  are formed when M and M 1 2 are exac t ly  perpendicular 

t o  one another.  Then t h e  v i r t u a l  image M '  of M formed by r e f l e c t i o n  

i n  t h e  beam s p l i t t e r  w i l l  be  p a r a l l e l  t o  M1. 

source (S) ,  mirror  (M ), and v i r t u a l  mi r ro r  ( M i ) .  1 

a source po in t  P. 

are r e f l e c t e d  from M' 

(D) ,  t h e i r  p a r a l l e l  pa ths  each making a n  a n g l e  0 w i t h  a h o r i z o n t a l  axis. 

2 2 

Figure 2 shows t h e  extended 

Consider l i g h t  from 

Some of t h e  l i g h t  r ays  are r e f l e c t e d  from M1 and some 

The r e f l e c t e d  r a y s  then  proceed toward t h e  d e t e c t o r  2' 
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I f  d is t h e  s e p a r a t i o n  of M 

r e f l e c t e d  from M and r ays  r e f l e c t e d  from M' is 2d cos 8 .  Construct ive 

i n t e r f e r e n c e  w i l l  occur when t h i s  pa th  d i f f e r e n c e  equals  a n  i n t e g r a l  

m u l t i p l e  (m) of t h e  wavelength ( A )  of t h e  l i g h t  source: 

and Mi, t hen  the pa th  d i f f e r e n c e  between r a y s  1 

1 2 

2d cos e = m A .  (1) 

For a given m,  A ,  and d ,  t h e  angle  e must have a p a r t i c u l a r  value.  There- 

f o r e ,  t h e  maxima form b r i g h t  circles centered about t h e  h o r i z o n t a l  axis. 

Circular minima, s p e c i f i e d  by a similar r e l a t i o n ,  form da rk  c i r c u l a r  r i n g s  

which a l t e r n a t e  wi th  t h e  b r i g h t  ones. 

Figure 2. Formation of c i r c u l a r  f r i n g e s  i n  a Michelson in t e r f e romete r .  

The product mA has  a d e f i n i t e  v a l u e  f o r  a p a r t i c u l a r  f r i n g e .  

f o r  a given f r i n g e ,  equat ion (1) shows t h a t  8 must change i f  d changes. 

I f  d decreases ,  then (3 must decrease s o  t h a t  cos  8 w i l l  i n c r e a s e  and t h e  

product 2d cos 8 w i l l  remain constant .  Thus, t h e  r a d i u s  of each f r i n g e  

w i l l  decrease as t h e  pa th  d i f f e r e n c e  is  decreased. 

sh r ink ,  and t h e  one wi th  t h e  smallest r a d i u s  w i l l  d isappear  each t i m e  d 

Then, 

A l l  f r i n g e s  w i l l  
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decreases  by one-half of a wavelength. 

a l t e r n a t e l y  b r i g h t  and dark.  

decreases ,  

e i t h e r  da rk  o r  b r i g h t  depending on whether t h e  l i g h t  beam which r e f l e c t s  

The central f r i n g e  w i l l  be  

The r i n g s  become more widely spaced as d 

A t  z e ro  pa th  d i f f e r e n c e ,  t h e  whole f i e l d  of view w i l l  be  

i n  a i r  a t  t h e  beam s p l i t t e r  undergoes a phase change o r  no t .  

t h e  phase change w i l l  b e  180 degrees ,  which is  equ iva len t  t o  a pa th  

d i f f e r e n c e  of one-half of a wavelength. I f  d is increased,  then the 

c i r c u l a r  f r i n g e s  grow o u t  of t h e  cen te r  and t h e  r i n g s  become more c l o s e l y  

I f  p r e s e n t ,  

spaced. As d i n c r e a s e s ,  the c e n t r a l  f r i n g e  is a l t e r n a t e l y  b r i g h t  and 

dark.  

Therefore,  if one of t h e  two plane mi r ro r s  is  kep t  a t  rest and t h e  

o t h e r  plane mi r ro r  i s  t r a n s l a t e d  p a r a l l e l  t o  t h e  d i r e c t i o n  of i ts  normal, 

then t h e  c e n t r a l  f r i n g e  w i l l  go from b r i g h t  t o  da rk  and back t o  b r i g h t  

as t h e  mi r ro r  moves through a d i s t a n c e  of one-half of a wavelength. This 

fol lows from t h e  f a c t  t h a t  a t  t h e  c e n t e r  cos 0 3 1, s o  t h a t  equat ion 

(1) becomes 

I f  d changes by one-half of a wavelength, then m changes by un i ty .  

1 2 I f  mi r ro r s  M and M are n o t  exac t ly  perpendicular ,  then what are 

These f r i n g e s  r e s u l t  mainly termed as l o c a l i z e d  f r i n g e s  w i l l  be  seen. 

from pa th  d i f f e r e n c e s  because t h e  mi r ro r s  are n o t  perpendicular .  The 

plane mi r ro r  M 

Figure 3.  

f i lm .  

and t h e  v i r t u a l  mirror  M' are no t  p a r e l l e l ,  as shown i n  1 2 

The e f f e c t  is  q u i t e  similar t o  f r i n g e s  formed by a wedge-shaped 

Localized f r i n g e s  i n  a Michelson in t e r f e romete r  are s l i g h t l y  
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curved because t h e  pa th  d i f f e r e n c e  does vary s l i g h t l y  w i t h  angle.  

Localized f r i n g e s  can b e  seen wi th  monochromatic l i g h t  only f o r  small 

pa th  d i f f e r e n c e s ,  compared w i t h  t h e  pa th  d i f f e r e n c e s  over which c i r c u l a r  

f r i n g e s  can be  seen. 

Figure 3. Formation of l o c a l i z e d  f r i n g e s  i n  a Michelson in t e r f e romete r .  

The maximum path d i f f e r e n c e  over which c i r c u l a r  f r i n g e s  are v i s i b l e  

depends d i r e c t l y  on t h e  coherence l eng th  of t h e  l i g h t .  The coherence 

l eng th  is  i n v e r s e l y  p ropor t iona l  t o  the spread i n  wavelength of t h e  

source l i g h t .  Thus t h e  more nea r ly  monochromatic a l i g h t  source is, t h e  

longer is  i t s  coherence length.  

I f  only a few d i s t i n c t ,  c l o s e  wavelengths are p resen t ,  as i n  a 

laser which has only a few l o n g i t u d i n a l  modes exc i t ed ,  then the v i s i b i l i t y  

of t h e  f r i n g e s  w i l l  a l t e r n a t e l y  decrease and increase as pa th  d i f f e r e n c e  

is increased.  This phenomenon is similar t o  a c o u s t i c a l  b e a t s .  The 

v i s i b i l i t y  r e f e r s  t o  t h e  d i f f e r e n c e  i n  i n t e n s i t y  between ad jacen t  b r i g h t  

and dark f r i n g e s .  

t h e  amplitudes of t h e  wavelengths p re sen t .  Consider t h e  pa th  d i f f e r e n c e  

The i n t e n s i t y  of t h e  minimum v i s i b i l i t y  w i l l  depend on 
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For some range of where one of t h e  po in t s  of minimum v i s i b i l i t y  occurs.  

path d i f f e r e n c e  on e i t h e r  s i d e  of t h i s  path d i f f e r e n c e  i t  may be q u i t e  

d i f f i c u l t  o r  impossible t o  d i s t i n g u i s h  between b r i g h t  and dark f r i n g e s .  

The degree of d i f f i c u l t y  w i l l  depend on t h e  d e t e c t o r  s e n s i t i v i t y  and on 

t h e  magnitude of t h e  minimum i n t e n s i t y .  

may be l imi ted  by t h e  f i rs t  occurrence of t h i s  minimum v i s i b i l i t y  on each 

s i d e  of zero pa th  d i f f e rence .  I f  such v i s i b i l i t y  is a problem then a 

laser opera t ing  with only a s i n g l e  long i tud ina l  mode should be  used. 

u sab le  pa th  d i f f e r e n c e  w i i l  then be l5mited by the coherence length  of 

t h e  l i g h t  and not  by in te rmedia te  v a r i a t i o n s  i n  t h e  v i s i b i l i t y .  

The u s e f u l  range i n  pa th  d i f f e rence  

The 



CHAPTER I V  

DESIGN OF A MICHELSON INTERFEROMETER TO 

DETECT GRATING TABLE ROTATION 

Consider t h e  problem of de t ec t ing  g ra t ing  motion by means of some 

s o r t  of Michelson in t e r f e romet r i c  se tup .  

t h e  r o t a t i o n  of a t a b l e  on which the  g ra t ing  is  mounted. 

mir ror  i n  one arm of t h e  bas i c  Michelson in te r fe rometer  were mounted on 

t h e  t a b l e  (T) a t  one s i d e  of t h e  g ra t ing  (GI, as shown i n  Figure 4 .  Then 

t h e  r o t a t i o n a l  motion of t h e  mir ror  would change t h e  path d i f f e rence ,  

r e s u l t i n g  i n  t h e  formation and disappearance of f r i n g e s .  

The g r a t i n g  motion arises from 

Suppose t h e  f l a t  

These f r i n g e s  

. M, 

Figure 4 ,  Detect ion of g ra t ing  t a b l e  motion wi th  a plane mir ror ;  

would, i n  f a c t ,  be loca l i zed  f r i n g e s  and would only be  observed over a 

small range i n  angle .  

over a small range i n  path d i f f e rence .  

f u l  'range i n  path d i f f e r e n c e  is  t h e  f a c t  t h a t ,  as M r o t a t e s  wi th  t h e  

g r a t i n g  t a b l e ,  o p t i c a l  alignment is l o s t .  

Recall t h a t  l oca l i zed  f r i n g e s  are only v f s f b l e  

Another reason f o r  t h e  s m a l l  use- 

2 

15 
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These problems can be overcome by use  of a r e t r o r e f l e c t o r  i n  p lace  of 

mir ror  M As t h e  g r a t i n g  t a b l e  r o t a t e s ,  a r e t r o r e f l e c t o r  w i l l  maintain 

There 

cat 's eye r e f l e c t o r s  and corner  

2' 

t;, as long as t h e  beam s t r i k  8 it, of course.  

ate two b a s i c  types of r e t r o r e f l e c t o r s :  

cube r e f l e c t o r s ,  

d i f f i c u l t y  i n  maintaining t h e  cat 's  eye i t s e l f  i n  proper o p t i c a l  alignment.  

A cat 's  eye r e f l e c t o r  is not  suggested because of t h e  

is s ~ ~ ~ l y  a corner  c u t  off  of a cub ica l  p i ece  of g l a s s .  

eaadicular f aces  are t h e  r e f l e c t i n g  su r faces  f o r  a 

h e n t e r s  t h e  diagonal  f ace .  The diagonal  f a c e  is 

o that i t  makes equal  ang le s  wi th  t h e  t h r e e  r e f l e c t i n g  sur-  

rov ide  maximum ape r tu re .  I w i l l  r e f e r  t o  t h e  diagonal  

corner  cube as i ts  f r o n t  sur face .  A corner  cube, l i k e  t h e  

cat's eye r e t r o r e f l e c t o r ,  has  t h e  property t h a t  it w i l l  r e t u r n  an inc iden t  

e l  t o  t h e  d i r e c t i o n  from which i t  came, r ega rd le s s  of 

the  angle  of incidence wi th  a normal t o  t h e  f r o n t  sur face .  The accuracy 

wi th  which a r e f l e c t e d  beam is re turned  parallel  t o  t h e  inc iden t  beam 

depends on t h e  accuracy of t h e  90 degree angles  between t h e  mutually perpen- 

d i c u l a r  corner  cube su r faces .  Thus, a corner  cube w i l l  maintain t h e  

des i r ed  o p t i c a l  alignment as t h e  g r a t i n g  t a b l e  r o t a t e s .  Of course,  t h e  

g r a t i n g  t a b l e  can be r o t a t e d  so f a r  t h a t  t h e  corner  cube w i l l  begin t o  

move out  of t h e  oncoming l i g h t  from t h e  beam s p l i t t e r .  A s  a r e s u l t ,  less 

and less of t h e  beam w i l l  be  re turned  by t h e  corner  cube. The d i f f e r e n c e  

between t h e  b r i g h t  and dark f r i n g e s  w i l l  decrease ,  and d e t e c t o r  s e n s i t i v i t y  

w i l l  determine t h e  maximum u s e f u l  angle ,  assuming no o the r  l i m i t i n g  con- 

d i t i o n s .  A t  t h i s  maximum angle ,  j u s t  ba re ly  enought l i g h t  is re turned  by 

t h e  corner  cube t o  e s t a b l i s h  d e t e c t a b l e  f r i n g e s .  
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A corner  cube not  only acts on an incoming beam so t h a t  t h e  re turn-  

ing beam is p a r a l l e l  t o  t h e  inc iden t  beam, b u t  a l s o  so t h a t  t h e  two beams 

are d isp laced  from one another .  

formation of f r i n g e s .  

of t h e  in te r fe rometer  can be  increased a t  t h e  same t i m e  by p lac ing  a 

p lane  f r o n t  mir ror  (Ma) i n  a p o s i t i o n  t o  r e t u r n  t h e  displaced beam back 

through t h e  corner  cube (CC) f o r  a second pass  ( see  Figure 5).  

This  displacement would prevent t h e  

This problem can be  overcome, and t h e  s e n s i t i v i t y  

T 

3c 
S 

D 

Figure 5. Detect ion of g r a t i n g  t a b l e  motion using a corner  cube. 

The corner  cube is pos i t ioned  so t h a t ,  a t  zero  pa th  d i f f e rence ,  t h e  

displacement is i n  a v e r t i c a l  d i r e c t i o n .  I n  t h i s  p o s i t i o n  a h o r i z o n t a l  

beam of l i g h t  from t h e  beam s p l i t t e r  w i l l  pass  over mir ror  M2 and f a l l  

on t h e  corner  cube (CC). 

M2. 

corner  cube and on t o  t h e  beam s p l i t t e r .  This  double pass  through t h e  

corner  cube se rves  t o  remove t h e  displacement of t h e  beam and a l s o  

inc reases  any pa th  d i f f e r e n c e  by a f a c t o r  of two. 

The beam is disp laced  downward and heads toward 

The mirror  M2 causes t h e  l i g h t  t o  retrace i ts  pa th  back through t h e  
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The next  l o g i c a l  s t e p  is t o  modify t h e  o p t i c a l  l ayout  of a Michelson 

in te r fe rometer  so t h a t  both arms of t h e  in te r fe rometer  involve a corner  

cube mounted on t h e  g r a t i n g  t a b l e ,  one on each s i d e  of t h e  g ra t ing .  Each 

arm would use  a p lane  f r o n t  mir ror  t o  r e t u r n  t h e  d isp laced  beam back toward 

t h e  corner  cube f o r  a second pass .  

s e n s i t i v e  as t h e  arrangement shown i n  Figure 5. 

r o t a t e s ,  t h e  path length  i n  one arm of t h e  in te r fe rometer  would inc rease  

and t h e  path length  i n  t h e  o the r  arm would decrease.  

Such an arrangement would b e  twice as 

A s  t h e  g r a t i n g  t a b l e  

A search  of t h e  

l i t e r a t u r e  on t h i s  f i e l d  brought my a t t e n t i o n  t o  t h e  work done by Marzolf 

(8) on an  angle-measuring in te r fe rometer  f o r  use wi th  an x-ray spectro-  

meter. My o p t i c a l  l ayout  (shown i n  Figure 6)  is q u i t e  similar t o  h i s .  

The top views of t h e  o p t i c a l  l ayout  i n  F igures  5 and 6 show t h e  beams 

en te r ing  and leaving  each corner  cube as being d isp laced  h o r i z o n t a l l y  from 

one another  f o r  c l a r i t y . .  Actua l ly ,  f o r  t h e  zero pa th  d i f f e rence  pos i t i on ,  

t h e  beams w i l l  be  d isp laced  only v e r t i c a l l y  from each o the r ,  as pointed 

out  above. 

Refer r ing  t o  Figure 7, i t  can be seen  t h a t  when t h e  g r a t i n g  t a b l e  is  

a t  an angle  0 from i ts  zero pa th  d i f f e r e n c e  pos i t i on ,  t h e  pa th  d i f f e rence  

is given by 8 r  s i n  8 ,  where r is  equal t o  t h e  r a d i a l  d i s t a n c e  from t h e  

cen te r  of t h e  g r a t i n g  t a b l e  t o  t h e  cen te r  of each corner  cube. Of course,  

t h e  maximum path d i f f e r e n c e  occurs  when t h e  g r a t i n g  t a b l e  is a t  t h e  

maximum angle  from i ts  zero path d i f f e r e n c e  p o s i t i o n ,  

Assuming t h a t  a path d i f f e r e n c e  of about 100 cent imeters  is no 

problem, then  t h e  maximum range i n  angle  of t h e  g r a t i n g  t a b l e  is determined 

by t h e  angle  a t  which t h e  corner  cubes s ta r t  t o  l eave  t h e  l i g h t  beams from 
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Figure 6. Optical layout of the Michelson interferometer chosen to detect 
grating table motion. 

Figure 7. Grating table at an angle 0 from its zero path difference 
posit ion. 
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An estimate of this maximum angle is determined from the beam splitter. 

geometric considerations based on the aperture size of the corner cubes 

and on their radial positions, The estimate is made with the following 

assumptions: 

cubes are each at a radial distance of 25 centimeters, and the source 

beam is expanded to a diameter of 2.5 centimeters. 

the maximum angle is determined by 

each corner cube has a 2.5 centimeter aperture, the corner 

Figure 8 shows that 

23.75 cos 8 = - 26 25 

8 = 25". 

cm 

Figure 8. Angle at which the corner cubes leave the beam. 



CHAPTER V 

EFFECT OF UNWANTED FRINGES ON THE: PRECISION AND 

ACCURACY OF THIS TEC'XNIQUE 

Any f r i n g e  n o t i o n  which is no t  due t o  motion of t h e  g r a t i n g  table is 

Unwanted f r i n g e s  w i l l  b e  i n t e r p r e t e d  as a corresponding scan no t  wanted. 

through t h e  s p e c t r a l  region.  Hopefully, each marker w i l l  b e  a c c u r a t e  

w i t h i n  0.001 ern-'. 
b e r  of unwanted f r i n g e s  b e ' l e s s  than a c e r t a i n  number, 

unwanted f r i n g e s  corresponding t o  0.001 cm-' w i l l  depend on t h e  angular  

p o s i t i o n  of t h e  g r a t i n g  and t h e  l i ne  p o s i t i o n s  i n  wave numbers of t h e  

s p e c t r a l  l i n e s  s t u d i e d  a t  t h a t  angular  p o s i t i o n .  Estimates of t h i s  number 

of unwanted f r i n g e s  are made f o r  fou r  d i f f e r e n t  angular  p o s i t i o n s  of t h e  

g r a t i n g  t a b l e .  The equat ion used f o r  making t h e s e  estimates is  derived 

now. The g r a t i n g  equat ion is 

-1 An accuracy of 0.001 c m  w i l l  r e q u i r e  that t h e  num- 

The number of 

- 
v n K csc $ (3) 

where 5 is  t h e  l ine p o s i t i o n  i n  wave numbers of a s p e c t r a l  l i n e  observed 

i n  n t h  - orde r  a t  ang le  Cp measured from c e n t r a l  image using a g r a t i n g  w i t h  

an a s soc ia t ed  cons t an t  K. Taking t h e  d i f f e r e n t i a l  of both s i d e s  of 

equat ion ( 3 ) ,  assuming n and K are cons t an t ,  g i v e s  

n K cos Cp d$ 
2 s i n  Cp 

d 3  = 
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A nega t ive  

no t  a f f e c t  

pu t  i n  t h e  
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s i g n  from t h e  d i f f e r e n t i a l  of csc 6 is omitted because i t  does 

t h e s e  cons ide ra t ions .  Using equat ion (3 ) ,  equat ion ( 4 )  can b e  

form: 

d i  = 3 c o t  4 d4. (5) 

Replacing t h e  d i f f e r e n t i a l s  i n  equat ion (5) w i t h  small increments, using 

t h e  d e l t a  n o t a t i o n ,  g ives  

h: = 2 3 c o t  (I h9.  ( 6 )  

A f a c t o r  of two is included i n  equat ion (6) which does no t  come from 

equat ion (59 This  f a c t o r  of two is  needed because t h e  en t r ance  and e x i t  

slits are f i x e d  i n  p o s i t i o n  and t h e  g r a t i n g  r o t a t i o n  produces t h e  scan. 

Both t h e  ang le  of incidence and t h e  ang le  of obse rva t ion  are measured 

from t h e  normal t o  t h e  g r a t i n g .  

t h e  g r a t i n g  r o t a t e s .  

incidence w a s  always 90 degrees.  

Therefore,  bo th  ang le s  are changed as 

Equation (3) w a s  w r i t t e n  assuming t h e  ang le  of 

The pa th  d i f f e r e n c e  (pd9 f o r  t h e  in t e r f e romete r  shown i n  Figure 6, 

page 1 9 ,  i s  given by 

(pd) = 8r s i n  6, (7 1 

where r is t h e  r a d i a l  d i s t a n c e  t o  each of t h e  corner  cubes and 6 is  t h e  

angular  p o s i t i o n  of t h e  g r a t i n g  t a b l e  w i t h  r e s p e c t  t o  i t s  zero pa th  

d i f f e r e n c e  p o s i t i o n .  

(7) and then r ep lac ing  t h e  d i f f e r e n t i a l s  w i t h  s m a l l  increments i n  t h e  

d e l t a  n o t a t i o n  g i v e s  

Taking t h e  d i f f e r e n t i a l  of both s i d e s  of equat ion 

A(pd9 = 8r cos 6 he ,  



were r is  assumed 

because they both 
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t o  be  constant .  

g ive  t h e  angular  p o s i t i o n  of t h e  g r a t i n g  t a b l e .  Thus, 

The ang le s  e and 9 are d i r e c t l y  r e l a t e d  

i f  6 changes by certain amount, then 4 must change by e x a c t l y  t h e  same 

amount. Therefore ,  A 4  = ne, Using t h i s  f a c t ,  equat ions (6) and (8) can 

b e  combined t o  g i v e  

8r cos 0 Av 
A(Pd) = 9 

2 3  c o t  $ 

which can b e  w r i t t e n  

, A(pd) = - ¶ (10) 
4 r  cos 0 t a n  4 A 3  

V 

s i n c e  t h e  r e c i p r o c a l  of c o t  4 is  t a n  9. The number of f r i n g e s  o r  f r a c t i o n s  

of a f r i n g e  (represented i n  e i t h e r  case by F) which are formed during a 

change i n  path d i f f e r e n c e  is  given by 

A (Pd) 
A ,  

F -  

where A is t h e  wavelength of t h e  source l i g h t  i n  t h e  in t e r f e romete r .  The 

numerator and denominator must be  i n  the same u n i t s  of l e n g t h ,  of course.  

Equation (10) can b e  used i n  equat ion (11) t o  g ive  

(12) 4 r  cos e t a n  6 A; F =  
A; 

Note t h a t  t h e  A and ; i n  equat ion (12)  are n o t  r e l a t e d  a t  a l l .  A 

wavelength of t h e  source l i g h t  used i n  t h e  in t e r f e romete r ,  and 3 is  t h e  

is t h e  

r e c i p r o c a l  of t h e  wavelength of t h e  s p e c t r a l  l i n e  being s tud ied  i n  t h e  

i n f r a r e d  spectrometer when t h e  g r a t i n g  is a t  an ang le  4 from central  

image. 

a s soc ia t ed  wi th  a scan through 0.001 cm-' by t h e  g r a t i n g  spectrometer.  

Equation (12) can be  used t o  estimate t h e  number of f r i n g e s  
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Four estimates are made--for va lues  of 6 equal  t o  2.5 ,  5 ,  10, and 20 

degrees ,  

degrees w i l l  be  t h e  most important range i n  a n g l e  because of t h e  app l i -  

c a t i o n  f o r  which t h e  in t e r f e romete r  is intended. The f r i n g e s  w i l l  b e  

used t o  provide c l o s e l y  spaced markers f o r  unknown s p e c t r a  s tud ied  wi th  

an i n f r a r e d  spectrometer.  

t h e  markers are needed is  2.5 degrees on e i t h e r  s i d e  of t h e  zero pa th  

d i f f e r e n c e  p o s i t i o n  of t h e  g r a t i n g  t a b l e .  The a n g l e  of 20 degrees 

r e p r e s e n t s  t h e  ang le  a t  which each corner  cube w i l l  begin t o  move ou t  of 

t h e  l i g h t  beam coming from t h e  beam s p l i t t e r .  The va lue  of r is  taken t o  

be  25 cm. i n  each case. The va lue  of 4 changes as t h e  v a l u e  of 0 changes, 

as pointed ou t  i n  t h e  d e r i v a t i o n  of equat ion (9) .  When 0 is  zero,  then 

4 is 63.5 degrees ,  t h e  b l a z e  ang le  f o r  t h e  g r a t i n g  t o  b e  used. The va lue  

of 2.5 degrees f o r  0 occurs  on e i t h e r  s i d e  of t h e  zero pa th  d i f f e r e n c e  

p o s i t i o n  of t h e  g r a t i n g  t a b l e .  Thus 4 i s  e f t h e r  61 o r  66 degrees.  The 

same cons ide ra t ions  w i l l  apply f o r  t h e  o t h e r  va lues  of 0 used i n  t h e  esti- 

mate. I n  each case both t h e  l a r g e r  and t h e  smaller v a l u e s  of 4 were used. 

Thus, two estimates are obtained f o r  each va lue  of 6. The resu l t s  of t h e  

estimates are shown i n  Table 1 along wi th  t h e  va lues  of 0 ,  4 ,  and 3 used 

i n  each case. 

o rde r  of magnitude, t h e  s p e c t r a l  r eg ions  t y p i c a l l y  s tud ied  a t  t h a t  

p o s i t i o n  of t h e  g r a t i n g .  

spectrometer and f o r  t h e  in t e r f e romete r ,  w i l l  occur f o r  s m a l l  va lues  of 6 .  

The spectrometer r e s o l u t i o n  w i l l  b'e b e s t  w i t h i n  a range of 2.5 degrees  on 

e i t h e r  s i d e  of t h e  blaze.  

A3 is taken t o  be 0.001 c m - l  i n  each case. The ang le  of 2.5 

The most c r i t i c a l  range i n  ang le  over which 

The v a l u e s  of 3 used are va lues  which r ep resen t ,  w i t h i n  an 

The most demanding s i t u a t i o n ,  both f o r  t h e  

Therefore,  t h e  measurement of l i n e  p o s i t i o n  
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must be more accurate within this range of grating table position. The 

estimate of F shown in Table 1 for 2.5 degrees represents the most: strin- 

gent control of unwanted fringe formation that will be required. 

value of used is 6.3  x 

The 

centimeters, which is the wavelength of 

the laser to be used rounded to two significant digits. 

TABLE 1 

THE NUMBER OF UNWANTED FRINGES AS A FUNCTION 
OF ANGULAR POSITION OF THE GRATING TABLE 

F, fringes - -1 2 8, degrees 4 ,  degrees v ,  cm x 10 

2.5 61.0 100 .28 

2.5 66.0 100 .36 

5 

5 

58.5 

68.5 

10 

10 

2.5 

4.0 

10 53.5 5 4 .2  

10 73.5 5 10 

20 43.5 2.5 5 . 5 .  

20 83.5 2.5 52 



CHAPTER V I  

SOURCES OF UNWANTED FRINGE FORMATION 

I d e a l l y  t h e  v a r i a t i o n  i n  t h e  l i g h t  i n t e n s i t y  of t h e  c e n t r a l  f r i n g e  

should correspond on ly  t o  t h e  motion of t h e  g r a t i n g  t a b l e .  

t h e  c e n t r a l  f r i n g e  can vary i n  i n t e n s i t y  f o r  o t h e r  reasons.  

f o r  reasons discussed below, t h e  g r a t i n g  t a b l e  could be  a t  rest, b u t  t h e  

f r i n g e  d e t e c t o r  would seem t o  i n d i c a t e  t h a t  t h e  t a b l e  is moving, Of 

course,  t h i s  a d d i t i o n a l  fr'inge motion w i l l ,  i f  p r e s e n t ,  b e  added t o  

f r i n g e  motion when t h e  g r a t i n g  t a b l e  is moving. 

t h i s  unwanted f r i n g e  formation is discussed nex t .  

an estimate i s  made of how c l o s e l y  t h a t  source must b e  c o n t r o l l e d  so t h a t  

t h e  unwanted f r i n g e s  formed w i l l  n o t  correspond t o  more than 0,001 cm". 

The l i m i t  of 0,001 cm-l was chosen because a r e s o l u t i o n  of 0.01 cm" 

is hoped f o r  i n  t h e  s p e c t r a l  r eg ion  where r e s o l u t i o n  i s  expected t o  b e  

b e s t .  The number of unwanted f r i n g e s  ( t o  be  designated i n  t h e s e  d i s -  

cussions by F) corresponding t o  0,001 em-' w i l l  depend on t h e  angular 

p o s i t i o n  of t h e  g r a t i n g  t a b l e ,  on t h e  g r a t i n g  i t s e l f ,  and on t h e  l i n e  

p o s i t i o n s  i n  wave numbers of t h e  s p e c t r a l  l i n e s  s tud ied  a t  t h a t  angular  

p o s i t i o n .  When t h e  g r a t i n g  t a b l e  is a t  2.5 degrees from its zero pa th  

d i f f e r e n c e  p o s i t i o n ,  about one-fourth of a f r i n g e  corresponds t o  a scan 

through 0.001 cm-', A t  20 degrees  about 10  f r i n g e s  corresponds t o  

0,001 cm-l .  The equat ion (equation (12)) used t o  g e t  t h e s e  va lues  and 

Nevertheless,  

For example, 

Each of t h e  sources  f o r  

I n  several of t h e  cases 

26 
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t h e  va lues  f o r  o the r  pos i t i ons  of t h e  g ra t ing  t a b l e  was developed i n  

Chapter V.  The wavelength of t h e  monochromatic source is taken t o  be  

6,328 Angstroms, and t h e  r a d i a l  d i s t ance  from t h e  cen te r  of t h e  g r a t i n g  

t a b l e  t o  each corner  cube i s  taken t o  be 25 cent imeters .  

I. FLUCTUATION OF AMBIENT A I R  PRESSURE 

The wavelength of l i g h t  i n  a gas depends on t h e  r e f r a c t i v e  index of 

t h e  gas  which i n  t u r n  varies l i n e a r l y  wi th  t h e  gas  pressure .  Therefore ,  

i f  t h e  gas  p re s su re  i n  the ' i n t e r f e romete r  environment changes, then t h e  

wavelength w i l l  change. 

d i f f e r e n c e  is cons tan t .  Equation (1) was w r i t t e n  assuming t h e  i n t e r -  

ferometer was i n  a vacuum. Actual ly  t h e  o p t i c a l  pa th  d i f f e r e n c e  

( r e f r a c t i v e  index times t h e  pa th  d i f f e rence )  is equal t o  an i n t e g r a l  

mu l t ip l e  of t h e  wavelength: 

Suppose the  g r a t i n g  t a b l e  is  a t  rest so t h e  path 

n x (path d i f f e rence )  = mA. (13) 

where t h e  path d i f f e r e n c e  i s  2d CQS 8 ,  and where n is t h e  r e f r a c t i v e  

index. Equation (13) shows t h a t  i f  t h e  r e f r a c t i v e  index changes (which 

a l s o  changes A), then  m w i l l  change. This means t h a t  as the pressure  of 

t h e  gas surrounding t h e  in te r fe rometer  changes, the c e n t r a l  f r i n g e  w i l l  

a l t e r n a t e  between b r i g h t  and dark.  The e f f e c t  i s  worse a t  g r e a t e r  pa th  

d i f f e r e n c e  because a s l i g h t  change i n  wavelength w i l l  accumulate over a 

d i s t ance  of many wavelengths. 

As estimate of how c l o s e  t h e  gas pressure  must be  con t ro l l ed  can be 

made as fol lows.  

i n t e g r a l  mu l t ip l e  m of t h e  wavelength A f o r  a gas  wi th  r e f r a c t i v e  index 

Suppose t h e  o p t i c a l  pa th  d i f f e r e n c e  is equal  t o  an 
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n. Equation (13) applies exactly to this situation. Now suppose the gas 

pressure changes to a new value so that F fringes are formed. Then m 

changes to m + F. Let n' denote the new refractive index and A '  the new 

wavelength. Then 

n' (path difference) = (m + F)X. (14) 

The path difference is constant so equations (13) and (14) can be com- 

bined to give 

- -  mA (m + F)X' 
n n' 

- 

It is easily shown that 

A n' 
A '  n * 
-I- 

Therefore equation (16) can be used t o  put equation (15) in the form: 

(.q2 = 1 + - .  F 
m 

The value of m is given by 

path difference 
A m =  

to a good approximation since n is nearly one for air. 

The estimate is made for two different values of maximum path 

difference--one corresponding to an angle of 2.5 degrees from zero path 

difference position and the other to an angle of 20 degrees. The esti- 

mate in each case was made as follows: The initial gas pressure was taken 

to be zero; that is, the interferometer was assumed to be in a perfect 

vacuum. Thus n equals one. Equation (18) was used to calculate the value 

of m. The values of m, n, and F were then used in equation (17) to get a 
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va lue  of n ' .  The binomial expansion w a s  used t o  g e t  t h e  square r o o t  of 

E 1 + - because m w a s  a l a r g e  number compared t o  F i n  each case. m Then a 

proport ion was set  up using t h e  f a c t  t h a t  t h e  r e f r a c t i v e  index of a i r  a t  

0°C is equal  t o  1.000293 f o r  a gas p re s su re  of 760 millimeters and is 

equal  e x a c t l y  t o  one f o r  a gas  p re s su re  of e x a c t l y  zero.  

As an example, consider  t h e  case where t h e  a n g l e  fs 2.5 degrees.  

The pa th  d i f f e r e n c e  is found f i r s t ,  as fol lows:  

path d i f f e r e n c e  = 8r s i n  0 

= (8) (25) s in  2.5' 

= 8.7 em. 

The va lue  of pa th  d i f f e r e n c e  is given t o  t h e  n e a r e s t  t e n t h  of a cent imeter .  

Next, equat ion (189 is used t o  f i n d  m t o  two s i g n i f i c a n t  d i g i t s :  

a t h  d i f f e r e n c e  
x m = J '  

5 

where t h e  wavelength, 6,328 Angstroms, is expressed i n  cent imeters  and 

= 1.4 x 10  , 

rounded t o  two s i g n i f i c a n t  d i g i t s .  Now equat ion (17) is used t o  g e t  n ' ,  

w i th  n chosen t o  be  one, f o r  t h e  reasons given above. The va lue  of F a t  

2 . 5  degrees  is one-fourth. 

1 
4m 

1 = 1 +  
4 0 . 4  .105) 

= 1 + 1.8 x , ~ O - ~  e 
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Therefore,  

-6 1 f 2  n '  = (1 + 1.8 x 10 ) , 

The binomial expansion through only t h e  second t e r m  g ives ,  t o  a good 

iapproximation, 

n = 1.0000009. 

The p res su re  a s s o c i a t e d  wi th  t h i s  r e f r a c t i v e  index can b e  found by l i n e a r  

i n t e r p o l a t i o n  wi th  t h e  va lues  of a i r  p re s su re  and r e f r a c t i v e  index shown 

below. 

p ,  Torr n 

0 1 

P 1 * 0000009 

760 1.000293 

The va lue  of p, rounded co two s i g n i f i c a n t  d i g i t s ,  i s  2.4 Torr.  

The r e s u l t s  of t h e  c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  gas  p re s su re  

f l u c t u a t i o n s  must b e  kept w i t h i n  a range of 2.4 Torr i f  t h e  g r a t i n g  t a b l e  

is a t  2 , 5  degrees.  

f l u c t u a t i o n s  must b e  kept w i t h i n  a range of 6.5 Torr i f  t h e  g r a t i n g  t a b l e  

is a t  20 degrees.  The in t e r f e romete r  is t o  b e  loca ted  i n  a tank which is 

t o  b e  kept  a t  a p res su re  on t h e  o rde r  of microns, 

c e r t a i n l y  no t  change s u f f i c i e n t l y  t o  cause enough unwanted f r i n g e s  t o  

-1 form t o  b e  equivalent  t o  0,001 e m  , and t h e r e f o r e ,  t h i s  source of unwanted 

f r i n g e  motion should n o t  be  a problem. 

Similar  c a l c u l a t i o n s  show t h a t  t h e  gas p re s su re  

The p res su re  should 
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11, FLUCTUATION OF LIGHT SOURCE WAVELENGTH 

If the wavelength of the source changes, then the intensity of the 

central fringe will change, just as if the path difference were changing. 

The number of unwanted fringes will be greater at longer path differences. 

To estimate how closely the wavelength must be controlled, the change in 

wavelength necessary to form enough unwanted fringes (designated by F) to 

correspond to 0.001 cm is found. In this estimate the refractive index 

is considered to be constant and equal to one, The path difference is 

taken to be constant and equal to some maximum value. Then, 

-1 

path difference = constant = mh = (m + F)A', (19) 

where m is an integer, A is the original wavelength, A '  is the new wave- 

length, and F is the number of unwanted wavelengths. Let Ah represent the 

change in wavelength so that A '  = h - AX. Then, 

mh = (m + F) (A - AA). (209 

Using the fact that m is large compared to F and Ah is small compared to 

A ,  equation (20) can be simplified to give 

FA B A  = - m '  

where m is found from equation (18). Using equations (18) and (21) it is 

seen that the wavelength must be kept within 0.011 Angstroms for the 

grating table at 2,5 degrees from its zero path difference position. At 

20 degrees the wavelength must be kept withfn 0,029 Angstroms, The fre- 

quency of 6,328 Angstrom wavelength light is 4,74 x 

second. Therefore, to control the wavelength within 0.011 Angstroms, for 

cycles per 



32 

example, w i l l  r e q u i r e  t h e  frequency t o  be con t ro l l ed  wi th in  820 mega- 

cyc le s  per  second. A s i n g l e  frequency helium-neon laser w i l l  ope ra t e  a t  

6.328 Angstroms wi th in  a range of 1,500 megacycles per second about i t s  

frequency of 4.74 x loL4 cyc les  per  second i f  i t s  frequency is  not  con- 

t r o l l e d ,  Commercially a v a i l a b l e ,  6,328 Angstrom, single-frequency lasers 

wi th  frequency c o n t r o l  w i l l  keep t h e  frequency wi th in  100 megacyles or  

less, One commercially a v a i l a b l e  laser w i l l  keep t h e  frequency wi th in  

f 1 megacycle per  day. 

111. FLUCTUATION OF GRATING TABLE TEMPERATURE 

A change i n  temperature of t h e  g ra t ing  t a b l e  w i l l  change t h e  r a d i a l  

pos i t i on  of each corner  cube, I f  t h e  g ra t ing  t a b l e  is  an angle  0 with  

r e spec t  t o  i t s  zero path d i f f e r e n c e  p o s i t i o n ,  then a change of h r  i n  t h e  

r a d i a l  p o s i t i o n  of each cbrner cube w i l l  move one corner  cube c l o s e r  t o  

t h e  beam s p l i t t e r  and t h e  o the r  f u r t h e r  away, 

t h e  l i g h t  beam i n  each arm of t h e  in te r fe rometer  passes  through i ts  corner  

cube twice,  t h e  change i n  pa th  d i f f e rence ,  A(pd), w i l l  be  

Considering t h e  f a c t  t h a t  

A(pd) = 8 Ar s i n  0 .  ( 2 2 )  

I f  a is  t h e  temperature c o e f f i c i e n t  of l i n e a r  expansion and AT is t h e  

temperature change, then  

h r  e ar  AT. (23 )  

Therefore ,  t h e  change i n  pa th  d i f f e r e n c e  a s soc ia t ed  wi th  a change AT i n  

t h e  temperature of t h e  g r a t i n g  t a b l e  is given by 

(24 )  h(pd) 8 a r  s i n  0 AT, 
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I f  t h e  number of unwanted f r i n g e s  formed is n o t  t o  exceed F, then 

Note t h a t  t h e  change i n  pa th  d i f f e r e n c e  is g r e a t e s t  when 8 has  its maximum 

va lue ,  assuming a l l  t h e  o t h e r  q u a n t i t i e s  are held cons t an t ,  of coursee 

The estimate was made f o r  two va lues  of ang le s  (2 .5  degrees and 20 

degrees) and two va lues  of a ( f o r  aluminum, a is  7.2 x 10-5(C0)-1 and 

f o r  i nva r ,  a is 0.27 x los5 ( C " ) - l ) .  

The va lue  of F was taken t o  be  one-fourth a t  2.5 degrees and 10  a t  20 

degrees.  

The r e s u l t s  are shown i n  Table 2. 

TABLE 2 

TEMPERATURE CHANGE OF GRATING TABLE NECESSARY TO AFFECT 
PRECISION OF LINE POSITION MEASUREMENT BY 0.Ool CM-l 

8 

degrees 

AT 

C 0  

7.2 

7.2 

0.27 

2 , 5  0.025 

20 

2.5 

0.12 

0.65 

0.27 20 3 .5  

The r e s u l t s  i n d i c a t e  t h a t  t h e  corner  cubes should be  mounted on inva r  

i f  t h e  temperature f l u c t u a t e s  i n  s h o r t  i n t e r v a l s  of t i m e  over a range of 

0,025 C* a t  a g r a t i n g  p o s i t i o n  of 2.5 degrees  from t h e  zero pa th  d i f f e r e n c e  

p o s i t i o n ,  
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The l i m i t s  t o  which t h e  gas  pressure ,  t h e  wavelength, and t h e  t em-  

pe ra tu re  must each be  con t ro l l ed  r ep resen t  how el 

con t ro l l ed  over any s h o r t  i n t e r v a l  of t i m e  ( 

t i m e  of t h e  unknown spectrum), 

period of t i m e .  

The l i m i t s  may b e  exc 

I V .  FLUCTUATION OF LIGHT SOURCE INTENSITY 

S t i l l  another  random source  of unwanted f r i n g e s  is v a r i a t i o n  i n  

i n t e n s i t y  of t h e  l i g h t  source.  

f r i n g e  d e t e c t o r  as v a r i a t i o n  i n  f r i n g e  i n t e n s i f y .  I f  t h e  source  i n t e n s i t y  

f l u c t u a t e s  wi th  a no t i ceab le  amplitude compared t o  t h e  amplitude of t h e  

v a r i a t i o n  i n  f r i n g e  i n t e n s i t y  assoc ia ted  wi th  change i n  pa th  d i f f e rence ,  

then  an e f f o r t  should be  made t o  c o n t r o l  t h e  source  i n t e n s i t y .  

t h i s  c o n t r o l  is not  poss ib l e ,  o r  is  l imi t ed  i n  i t s  e f f ec t iveness .  One 

poss ib l e  way t o  e l imina te  t h i s  e r r o r  would be  t o  monitor t h e  i n t e n s i t y  

wi th  a d e t e c t o r  looking a t  a po r t ion  of t h e  beam taken ou t  before  t h e  

beam s t r i k e s  t h e  in te r fe rometer  beam s p l i t t e r .  

t h e  same c h a r t  paper on which t h e  spectrum and t h e  marker p ips  are 

recorded. 

ponding s p e c t r a l  reg ion  could be  run aga in ,  hopefu l ly  when t h e  source 

i n t e n s i t y  is more s t a b l e ,  

no t  p r a c t i c a l ,  then  perhaps t h e  output  of t h e  d e t e c t o r  which is looking 

a t  t h e  source i n t e n s i t y  could be coupled wi th  some s o r t  of alarm system. 

Such an alarm system would be  t r i gge red  when t h e  d e t e c t o r  ou tput  exceeded 

predetermined l i m i t s .  

Such v a r i a t i o n  w i l l  be  i n t e r p r e t e d  by t h e  

Suppose 

The output  could be  on 

Then when t h e  source i ~ t e n s i t y  va r i ed  too  much, t h e  corres-  

I f  running t h r e e  pens on t h e  c h a r t  paper is 

It would be  b e s t  i f  such a d e t e c t o r  were a c t u a l l y  
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t r i gge red  only when t h e  ra te  of change of t h e  source  de t ec to r  exceeded 

some maximum value.  A l t e rna te ly ,  t h e  output  of t h e  de t ec to r  which 

monitors t h e  source i n t e n s i t y  might be used t o  a d j u s t  t h e  source  i n t e n s i t y  

as it  d r i f t s ,  

V.  VIBRATION OF OPTICAL COMPONENTS 

Another random source of unwanted f r i n g e s  is  v i b r a t i o n  of t h e  mir rors ,  

beam s p l i t t e r ,  and corner  cubes. Such v i b r a t i o n  changes t h e  pa th  d i f f e r -  

ence, and thus produces unwanted f r i n g e s .  The s i z e  of t h e  e f f e c t  depends 

on t h e  amplitude and frequency of t h e  v i b r a t i o n ,  

frequency inc rease ,  t h e  path d i f f e r e n c e  produced by t h e  v i b r a t i o n  fncreases . )  

A s  pointed out  previously,  t h e  spectrometer i n  which t h e  in te r fe rometer  is 

t o  be placed is s p e c i a l l y  mounted t o  i n s u l a t e  t h e  spectrometer from exter- 

n a l  v i b r a t i o n .  Thus, e x t e r n a l  v i b r a t i o n  w i l l ,  hopefu l ly ,  n o t  be  a problem. 

I n t e r n a l  v i b r a t i o n  generated from such sources  as t h e  g r a t i n g  d r i v e  

mechanism may be a problem, but  aga in ,  hopefu l ly  n o t ,  I f  i n t e r n a l  

v i b r a t i o n  is a problem, then t h e  o p t i c a l  components should be  s p e c i a l l y  

(As t h e  amplitude and 

mounted t o  insu la te  them from t h e  v i b r a t i o n ,  

F luc tua t ion  of t h e  ambeent a i r  pressure ,  v i b r a t i o n  of the o p t i c a l  

components, f l u c t u a t i o n  of source  i n t e n s i t y ,  f l u c t u a t i o n  i n  t h e  wavelength 

of t h e  source  l i g h t ,  and t h e  f l u c t u a t i o n  of t h e  temperature of t h e  g ra t ing  

t a b l e  are each random sources  of unwanted f r i n g e  formation. 

e r r o r s  are important t o  con t ro l .  

t h e  markers because a given marker w i l l  n o t  correspond exac t ly  t o  t h e  

same p o s i t i o n  of t h e  g r a t i n g  from one scan t o  t h e  next .  

Only random 

Ramdom e r r o r s  w i l l  degrade t h e  va lue  of 

Any sys temat ic  
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e r r o r s  w i l l  a f f e c t  t h e  f r i n g e  spac ing ,  and thus  t h e  a s soc ia t ed  marker 

spacing,  i n  t h e  same way from one scan  t o  t h e  nex t ,  Repeatable e r r o r s  i n  

t h e  marker spacing do no t  a f f e c t  t h e  va lue  of the markers f o r  t h e  purpose 

f o r  which they are intended,  if t h e  r epea tab le  e r r o r s  are known t o  ex is t .  



CHAPTER V I 1  

EFFECT OF IRREGULAR MOTION OF THE GRATING TABLE ON THl3 

PRECISION AND ACCURACY OF THIS TECHNIQUE 

I r r e g u l a r  motion of t h e  g r a t i n g  t a b l e  w i l l  n o t  a f f e c t  t h e  p r e c i s i o n  

of t h e  markers except poss ib ly  i n  two cases: 

of t h e  g r a t i n g  t a b l e  and s t i c k - s l i p  of t h e  g r a t i n g  t a b l e .  I f  t h e  g r a t i n g  

t a b l e  momentarily backs up f o r  some reason,  such as v i b r a t i o n ,  then the 

momentary backward motion 

marker p i p s  w i l l  form as t h e  g r a t i n g  moves backward, A t  the same t i m e  the 

s p e c t r a l  r eg ion  w i l l  be  scanned i n  reverse a l s o ,  I f  t h e  momentary back- 

ward motion is n o t  recognized by t h e  experimenter,  then a d d i t i o n a l  f r i n g e s  

w i l l  change t h e  number of wave numbers a s soc ia t ed  wi th  t h e  marker spacing, 

which i n  t u r n  degrades t h e  p r e c i s i o n  of t h e  markers. As a r e su l t ,  t h e  

l i n e  p o s i t i o n s  of unknown s p e c t r a l  l i n e s  w i l l  n o t  be  i n t e r p r e t e d  cor- 

r e c t l y  

The d e t e c t i o n  of t h e  d i r e c t i o n  of f r i n g e  motion w i l l  b e  necessary i f  

t h e  g r a t i n g  t a b l e  is suspected of momentary backward motion. 

backward motion cannot be  de t ec t ed  by t h e  in t e r f e romete r  as i t  is now 

designed ( see  Figure 6 ,  page 19 ) .  A s i n g l e  d e t e c t o r  can only i n d i c a t e  

t h a t  f r i n g e s  are forming and disappearing. 

t o  d e t e c t  t h e  d i r e c t i o n  of t h e  f r i n g e  motion. This  method r e q u i r e s  t h e  

beam ( a f t e r  i n t e r f e r e n c e )  be  s p l i t  i n t o  two beams. These two beams then 

f a l l  on s e p a r a t e  d e t e c t o r s  placed i n  t h e  central f r i n g e  of each beam. 

Momentary 

However, a method is a v a i l a b l e  
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The two beams are made 90 degrees  o u t  of phase by some means, such as a 

phase r e t a r d  p l a t e .  

degrees  out  of phase--exactly t h e  necessary input  f o r  ele 

designed t o  perform r e v e r s i b l e  counting. The c i r c u i t s  used t o  perform 

r e v e r s i b l e  counting might be  modified s i n c e  i t  is unnecessary t o  count 

t h e  f r i n g e s  but  only t~ watch f o r  t h e f r  occurrence.  The d e t e c t i o n  of t h e  

d i r e c t i o n  of f r i n g e  motion has  not  been performed o r  i nves t iga t ed  i n  

d e t a i l  by me,  Marzolf counted f r i n g e s  r e v e r s i b l y ,  Cook and Marzetta 

The s i g n a l s  from t h e  d e t e c t o r s  w i l l  then  b e  90 

r i c a f  c i r c u i t s  

(10) d i s c u s s  r e v e r s i b l e  f r i n g e  counting, as do Peek and Obetz (11). 

I f  t h e  g r a t i n g  t a b l e  experiences s t f e k - s l i p ,  then t h e  marker p ips  

wPO5 not be  recorded a t  t h e i r  usua l  i n t e r v a l  on t h e  c h a r t  paper o r  on t h e  

magnetic tape. 

t h e  motion i f  t h e i r  response t i m e s  are s h o r t  enough. 

magnetic tape  w i l l  cont inue t o  move i n  t h e  same d i r e c t i o n .  

s l f p  phase of t h e  motion, t h e  g r a t i n g  t a b l e  w i l l  move f a s t e r  than f t  

normally is dr iven ,  

The f r i n g e  d e t e c t o r  and t h e  s p e c t r a l  d e t e c t o r s  w i l l  fol low 

The c h a r t  paper o r  

During t h e  

Thus, t h e  s p e c t r a l  scan  w i l l  be  f a s t e r  than normal 

during t h e  s l i p  phase, 

d e f i n i t e l y  a f f e c t  t h e  p rec i s ion  of t h e  markers. This is no t  so, however, 

s i n c e  t h e  markers w i l l  s t i l l  correspond t o  t h e  same po in t  i n  t h e  spectrum 

i f  both d e t e c t o r s  can fol low t h e  motion. 

g r a t i n g  t a b l e  during t h e  s t i c k - s l i p  s t o p s  both t h e  formation of t h e  f r i n g e s  

and t h e  scan of t h e  s p e c t r a l  region.  

then  both t h e  f r i n g e  formation and t h e  s p e c t r a l  scan  start  aga in  a l so .  

e i t h e r  t h e  f r i n g e  d e t e c t o r  o r  t h e  s p e c t r a l  d e t e c t o r  does not  have a s h o r t  

response t i m e ,  then  s t i c k - s l i p  o r  v i b r a t i o n  may provide a r ap id  change i n  

i n t e n s i t y  which cannot be  properly followed by t h a t  de t ec to r .  

A t  f i r s t  i t  might be  supposed t h a t  s t i c k - s l i p  w i l l  

The momentary h a l t  of t h e  

When t h e  t a b l e  begins  t o  move aga in ,  

I f  
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SYSTEMATIC EFFECTS ON THE SPACING OF THE MARKERS 

I. VARIATION OF OPTICAL PATH I N  A CORNER 

CUBE WITH ANGLE OF INCIDENCE 

One systematic  e f f e c t  on t h e  spacing of t h e  markers is due t o  t h e  

u s e  of corner  cubes as r e f l e c t o r s .  The o p t i c a l  pa th  l eng th  i n  g l a s s  of 

a r a y  passing through a corner  cube depends on t h e  ang le  of incidence 

t h e  r ay  makes wi th  a normal t o  t h e  f r o n t  s u r f a c e  of t h e  corner  cube, 

The pa th  l eng th  i n c r e a s e s  as t h e  ang le  of incidence inc reases .  Therefore,  

t h e  path d i f f e r e n c e s  f o r  t h e  corner  cube in t e r f e romete r  shown i n  Figure 6, 

page 19 ,  w i l l  change faster than i t  normally would as t h e  g r a t i n g  t a b l e  

r o t a t e s .  

i n t e r f e romete r  w i t h  regard t o  t h i s  e f f e c t .  

Peck (9) has thoroughly analyzed t h e  theory of t h e  corner  cube 

A s tudy  of h i s  work shows 

t h a t ,  neg lec t ing  higher  o rde r  t e r m s ,  t h e  pa th  d i f f e r e n c e  f o r  corner  cubes 

mounted as shown i n  Figure 6 w i l l  be  given by 

1 1 

?J 1-I 
pa th  d i f f e r e n c e  = 2[2s cos B + 2 v D ( 1  - T) - 2p1D1(1 - -) 

,2 

where, i n  h i s  n o t a t i o n ,  1.1 is- t h e  r e f r a c t i o n  index of a corner  cube, D is 

t h e  depth of t h e  corner cube, and CL is t h e  ang le  of incidence i n  a i r  t h a t  

a r ay  makes with a normal t o  t h e  f r o n t  s u r f a c e  of the corner  cube. The 

39 
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primed and unprimed symbols i n  equat ion (26) d i s t i n g u i s h  t h e  va lues  f o r  

t h e  two corner  cubes. The f a c t o r  of two (not given i n  Peck's equation) 

i n  f r o n t  of t h e  square bracke t  takes  care of t h e  f a c t  t h a t  each corner  

cube is double-passed by t h e  l i g h t  beam i n  its arm of t h e  in te r fe rometer .  

The f i r s t  term i n s i d e  the  bracke ts ,  when mul t ip l i ed  by t h e  two ou t s ide  

t h e  b racke t s ,  is t h e  usua l  path d i f f e rence  a s soc ia t ed  w i t h  r o t a t i o n  of t h e  

corner  cubes through an angle  of B. 

(26) are independent of a and con t r ibu te  only a cons tan t  pa th  d i f f e rence .  

The f o u r t h  and f i f t h  terms depend on a, as do t h e  h igher  order  terms not  

shown. 

are much smaller, and thus  t h e i r  con t r ibu t ion  is  much smaller than  t h e  

con t r ibu t ion  from t h e  terms re t a ined .  It should be noted t h a t  a l l  terms, 

except t h e  f i r s t  terms, cancel  ou t  i n  p a i r s  i f  t h e  corner  cubes are 

i d e n t i c a l  so t h a t  1-I = U' and D = D '  and i f  t h e  corner  cubes are al igned 

s o  t h a t  a = a'. Then t h e  pa th  d i f f e r e n c e  is s t r i c t l y  due t o  r o t a t i o n  

of t h e  corner  cubes wi th  t h e  g ra t ing  t a b l e ,  I f  t h e  corner  cubes a r e  not  

f d e n t f c a l  and are not  a l igned s o  t h a t  a =: a', then t h e  a d d i t i o n a l  path 

d i f f e r e n c e  due t o  a l l  these  i n e q u a l i t i e s  can be est imated from t h e  t h i r d  

and f o u r t h  terms i n  equat ion (26) a f t e r  inc luding  t h e  f a c t o r  of two out- 

The second and t h i r d  terms i n  equat ion 

The higher  order  terms are neglected because t h e i r  c o e f f i c i e n t s  

s i d e  t h e  square 

a d d i t i o n a l  

The estimate is 

Then D = D' and 

a d d i t i o n a l  

bracke ts  i n  equat ion (261, 

path d i f f e r e n c e  = %(I- 7.) 1 a 4 - Pl,lCl- D' -$I a t 4 *  (27) D 

?J ?J 

f i r s t  made assuming t h a t  t h e  corner  cubes are i d e n t i c a l .  

u = u'. Then equat ion (27 becomes 

D 1 4 ,4 
path  d i f f e r e n c e  = x(1 - +.a - a ). 

U 
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Equation (28) w i l l  be t h e  unwanted change i n  pa th  d i f f e r e n c e  when 

t h e  g ra t ing  t a b l e  has r o t a t e d  through an angle  of a from t h e  zero  pa th  

d i f f e r e n c e  pos i t i on .  The assumption is made t h a t  t h e  f r o n t  f a c e  of t h e  

unprimed corner  cube is perpendicular  t o  t h e  l i g h t  beam when t h e  g ra t ing  

t a b l e  i s  i n  t h e  zero path d i f f e r e n c e  pos i t i on ,  L e t  a’ = a - Aa where Aa 

may be  on t h e  order  of a few degrees o r  may be  q u i t e  s m a l l .  

(28) can then be expressed as 

Equation 

a d d i t i o n a l  

Expansion of (a 

a d d i t i o n a l  

D 1 4 path d i f f e r e n c e  = --(1 - 2) [a4  - (a - Aa) ] 
2r-I 1-I 

- Aa) 4 l eaves  

path d i f f e r e n c e  = D - -)[4a3 Aa 

(30) - 6a2(Aa)’ + 4 ~ 1 ( A a ) ~  - (Aa)  4 1. 

Estimates of t h e  a d d i t i o n a l  pa th  d i f f e rence  are made using Aa = 0.02 

r ad ians  ( s l i g h t l y  more than one degree) f o r  var ious  va lue  of a. Then t h e  

a d d i t i o n a l  path d i f f e r e n c e  is used to f i n d  how many a d d i t i o n a l  f r i n g e s  

w i l l  be seeno  

1-1 = 1.55. 

i n  equat ion (30) are chosen t o  be  round decimal number f o r  convenience, 

Each corresponding va lue  i n  degrees of t h e  angle  a is  rounded t o  t h e  

nea res t  t e n t h  of a degree s i n c e  these  va lues  are only given t o  roughly 

i n d i c a t e  t h e  s i z e  of t h e  angle.  

given to  two s i g n i f i c a n t  d i g i t s .  

A l l  t h e  estimates are made using D = 3.0 cent imeters  and 

The r e s u l t s  are given i n  Table 3. The va lues  of a t o  be  used 

The number of a d d i t i o n a l  f r i n g e s  is 

The va lues  in Table 3 were found assuming t h a t  D = D ’ ,  IJ = u ’ ,  and 

Aa = 0.02 r ad ians ,  Next t h e  e f f e c t  of not  having i d e n t i c a l  corner  cubes 
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TABLE 3 

THE NUMBER OF ADDITIONAL FRINGES CAUSED BY MISALIGNMENT OF THE 

OF THE GRATING TABLE 
CORNER CUBES, FOR VARIOUS ANGULAR POSITIONS 

additional path difference 
radians degrees cm x 10-5 additional fringes 

0,04 2.3 0.13 0.02 

0.08 4.6 1 .6  0.25 

0.20 11.5 31 4.9 

0 ,40  22 ,9  270 42 

is estimated by assuming that D = 3.0 em., D' = 2.8 em., IJ = 1.55 ,  and 

P' = 1.50. As in the ease of identical corner cubes 01' is assumed to be 

less than 01 by 0.02 radians. Equation (27) is used to get the additional 

path difference due to the fact that P # P' and D p D'. 

shown in Table 4 .  

The results are 

The number of additional fringes seen is also given. 

TABLE 4 

THE NUMBER OF ADDITIONAL FRINGES CAUSED BY MISALIGNMENT OF THE 
CORNER CUBES AND BY NOT HAVING IDENTICAL CORNER CUBES, 
FOR VARIOUS ANGULAR POSITIONS OF THE GRATING TABLE 

additional path difference 
radians degrees em x 10-5 additional fringes 

0,08 4.6 

0 ,20  11.5 
0.40 22.9 

1 .6  

55 

480 

0.25 

8.7 

75  
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A comparison of Table 4 w i t h  Table 3 shows that,  f o r  va lues  of a l e s s  than 

4 .6  degrees ,  t h e  fact  t h a t  a # a' and D # D '  is n o t  important. I n  f a c t ,  

t h e  e f f e c t  was so s l i g h t  t h a t  t h e  r e s u l t s  f o r  2 . 3  degrees  are n o t  shown. 

A t  l a r g e r  va lues  of a t h e  e f f e c t  of n o t  having i d e n t i c a l  corner  cubes is 

as important as no t  having a = a ' .  

33 more f r i n g e s  are seen because a 

For example, a t  22.9 degrees about 

7' and D # D ' .  

The a d d i t i o n a l  f r i n g e s  are seen i n  each case as t h e  g r a t i n g  t a b l e  

t u r n s  from t h e  ze ro  path d i f f e r e n c e  p o s i t i o n  t o  some va lue  of a assoc ia t ed  

w i t h  those  a d d i t i o n a l  f r i n g e s .  For example, 8.7 a d d t t f o n a l  f r i n g e s  are 

seen as t h e  g r a t i n g  t a b l e s  t u r n s  from a = 0 t o  a = 11.5 degrees.  The t o t a l  

number of f r i n g e s  a s soc ia t ed  wi th  t h i s  change i n  a is  about 6.32 x 10 . 
Thus t h e  e r r o r  a s s o c i a t e d  wfth d e t e c t i n g  8.7 more f r i n g e s  is about one p a r t  

i n  105--not a s i z e a b l e  e r r o r  a t  a l l ,  The e r r o r  is of no importance when one 

considers  t h e  f a c t  t h a t  t h e  e r r o r  is a systematic  e r r o r  which always a f f e c t s  

t h e  f r i n g e  occurrence i n  t h e  same way each t i m e ,  

5 

II. SINE DEPENDENCE OF THE FRINGE SPACING 

The spacing of t h e  f r i n g e s  w i l l  be  a f f e c t e d  even more by t h e  f a c t  

t h a t  p a t h  d i f f e r e n c e  does n o t  i n c r e a s e  l i n e a r l y  w f t h  ang le  but as t h e  sine 

of t h e  ang le  from t h e  zero pa th  d i f f e r e n c e  p o s i t i o n .  For example, con- 

s i d e r  t h e  change i n  pa th  d i f f e r e n c e  produced by r o t a t i o n  of t h e  g r a t i n g  

t a b l e  from an angular  p o s i t i o n  of 4 degrees t o  a n  angular  p o s i t i o n  of 5 

degrees.  The g r a t i n g  t a b l e  must r o t a t e  through more than 1 degree when 

a t  12 degrees  t o  produce t h e  same change i n  pa th  d i f f e r e n c e ,  

w i l l  c e r t a i n l y  a f f e c t  t h e  spacing of t h e  markers. Bur t h i s  e f f e c t  is 

Thfs e f f e c t  
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systematic  and always a f f e c t s  t h e  spacing t h e  same way. 

and t h e  markers der ived from them w i l l  always occur a t  t h e  same p laces ,  

assuming such sources  of erroneous f r i n g e  motion as temperature v a r i a t i o n  

and v i b r a t i o n  are n o t  c o n t r i b u t i n g  no t i ceab ly  of course.  

of t h e  markers is a f f e c t e d  i n  a r epea tab le  f a sh ion ,  t h e  use fu lness  of t h e  

markers is not  decreased. I n  f a c t ,  i t  is f o r  t h i s  reason that no estimate 

is made of t h e  effect  of t h e  s i n e  dependence mentioned above. 

Thus, t h e  f r i n g e s  

Since t h e  spacing 



'CHAPTER I X  

OPTICAL ALIGNMENT 

The in t e r f e romete r  w i l l  be  mounted as two s e p a r a t e  u n i t s  i n  t h e  

spectrometer.  The beam s p l i t t e r ,  t h e  four  plane f r o n t  m i r r o r s ,  and t h e  

d e t e c t o r  w f l l  be  mounted on t h e  spectrometer table as one u n i t ,  and t h e  

corner  cubes w i l l  be  mounted on t h e  g r a t i n g  t a b l e  as t h e  o t h e r  u n i t .  

p o s i t i o n  of t h e  l i g h t  source does not  have t o  b e  i n s i d e  t h e  spectrometer 

tank and t h e r e f o r e  may be  chosen a t  some convenient po in t  o u t s i d e  t h e  tank. 

The 

Choose t h e  p o s i t i o n  of t h e  g r a t i n g  t a b l e  t o  be  a s soc ia t ed  wi th  zero 

pa th  d i f f e r e n c e .  For t h e  purposes f o r  which t h i s  i n t e r f e romete r  is 

intended,  t h e  zero pa th  d i f f e r e n c e  p o s i t i o n  w i l l  be  wi th  t h e  g r a t i n g  

o r i e n t e d  a t  t h e  b l a z e  angle .  

n o t e  t h e  l i n e  (represented by t h e  dashed l i n e  AB i n  Figure 9) which passes  

through t h e  p o s i t i o n  where t h e  corner cubes are t o  b e  loca ted .  Figure 9 

shows t h e  same top view of t h e  in t e r f e romete r  and g r a t i n g  t a b l e  t h a t  was 

shown i n  Figure 6 ,  page 19. Also ,  Figure 9 shows t h e  beam s p l i t t e r  as 

With t h e  g r a t i n g  t a b l e  i n  t h i s  p o s i t i o n ,  

having two faces--a more real is t ic  p i c t u r e  of t h e  beam s p l i t t e r  than t h a t  

used i n  Figure 6,  The same symbols are used t o  i d e n t i f y  the o p t i c a l  com- 

ponents i n  Figure 9 t h a t  are used f o r  them i n  Figure 6. The p lane  of t h e  

beam s p l i t t e r  should b e  o r i e n t e d  normal t o  l i n e  AB. 

t h i s  is  so t h a t  t h e  o p t i c a l  l ayou t  w i l l  b e  symmetrical and w i l l  avoid 

unnecessary pa th  d i f f e r e n c e s .  

The main reason f o r  

One f a c e  of t h e  beam s p l i t t e r  is coated 

45 
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k 

Figure 9. Top view of the optical layout of the Michelson interferometer. 
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with  an a n t i r e f l e c t i o n  coa t ing  s o  t h a t  most of t h e  l i g h t  passes  through 

t h i s  s i d e .  

t h e  beam s p l i t t e r ;  ca l l  i t  t h e  primary face .  Use an autocol l ima 

Thus, most of t h e  beam s p l i t t i n g  occurs  a t  t h e  o the r  f a c e  of 

te lescope  t o  make t h e  normal of t h e  primary face as hor i zon ta l  as poss ib le .  

(A h o r i z o n t a l  laser may be  used t o  make t h e  normal of t h e  primary f a c e  

ho r i zon ta l  t o  a good approximation i n  a s h o r t  t i m e .  Make t h e  laser beam 
, 

i nc iden t  a t  about 45 degrees .  Then a d j u s t  t h e  beam s p l i t t e r  about i ts  

hor i zon ta l  a x i s  u n t i l  t h e  s p l i t  beams are observed t o  be  a t  t h e  same 

he igh t  as t h e  incoming beam. It should be  noted t h a t  a laser beam can b e  

made ho r i zon ta l  e a s i l y  by using a mir ror  and an  au tocol l imat ing  te lescope.)  

The po in t s  where t h e  beam-return mir rors  M and M are placed should 

be  chosen with r e fe rence  t o  where t h e  corner  cubes are t o  be  loca ted  when 

t h e  g r a t i n g  t a b l e  is i n  t h e  zero path d i f f e r e n c e  pos i t i on .  

3 4 

The mi r ro r s  

M and M should be  posit'ioned so t h a t  t h e  corner  cubes can be r o t a t e d  

through t h e i r  maximum range. 

3 4 
The l i g h t  beams coming from t h e  corner  

cubes t o  these  mir rors  w i l l  "walk" ac ross  t h e s e  mi r ro r s  as t h e  corner  

cubes r o t a t e  wi th  t h e  g r a t i n g  t ab le .  Mirrors  M and M are square so  t h a t  3 4 

t h e  mi r ro r s  w i l l  o f f e r  more usable  su r face  as t h e  beams "walk" ac ross  

them, 

The tops  of t h e  mi r ro r s  M and M should be  lower than t h e  top of t h e  beam 

s p l i t t e r  by s l i g h t l y  less than one-half of t h e  maximum beam displacement 

assoc ia ted  wi th  t h e  corner  cubes so t h a t  t h e  two beams from t h e  beam 

s p l i t t e r  w i l l  pass  over t h e  tops of t hese  mir rors .  

t o  t h e  beams by t h e  corner  cubes w i l l  b r ing  t h e  beams onto mi r ro r s  M and 

Round mir rors  would obviously not  a l low as much usable  sur face .  

3 4 

The displacement given 

3 
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M4, 
d i f f e rence .  

The two mir rors  should be  made coplanar t o  avoid any unnecessary pa th  

Idea l ly ,  i t  would be b e s t  t o  have mir rors  Ml and M2 adjus ted  so t h a t  

t h e  divided beams t r a v e l  exac t ly  ho r i zon ta l  and p a r a l l e l  pa ths  toward t h e  

corner  cubes. 

plane passing through AB, as shown i n  Figure 9 ,  page 46, 

i d e a l  condi t ions  t h e  in te r fe rometer  is symmetrical, and t h e  path d i f f e r e n c e  

r e s u l t s  from r o t a t i o n  of t h e  corner cubes wi th  t h e  g ra t ing  t a b l e .  

Also, t h e s e  p a r a l l e l  pa ths  should b e  normal t o  a v e r t i c a l  

Under these  

This 

d e a l  s i t u a t i o n  i s  not  necessary.  Suppose mi r ro r s  M and M are al igned 

so t h a t  t h e  d2vided beams do not  fol low p a r a l l e l  pa ths  i n  going from M1 

and M toward t h e  corner  cubes, Then mir rors  M and M can be  ad jus ted  2 3 4 
t o  make t h e  beams r e t r a c e  t h e i r  paths  as shown i n  Figure 10,  

1 2 

Ci rcu lar  

Figure 10. Asymmetric o p t i c a l  l ayout .  
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An asymmetric o p t i c a l  l ayout  in t roduces  f r i n g e s  w i l l  s t i l l  be observed. 

a small cons tan t  pa th  d i f f e r e n c e  which should be  no problem s i n c e  a laser 

source is  used. Also, an asymmetric o p t i c a l  l ayout  w i l l  decrease  

maximum working angle  of t h e  in te r fe rometer .  

of t h e  in te r fe rometer  shown i n  Figure 9 ,  page 46, w i l l  leave t h e  corner  

cube a t  a smaller angle  from t h e  zero pa th  d i f f e r e n c e  p o s i t i o n  than t h e  

beam i n  t h e  r i g h t  a r m  which is al igned perpendicular  t o  t h e  vertical 

p lane  passing through AB. A minimal alignment e f f o r t ,  included i n  t h e  

The beam i n  t h e  l e f t  arm 

alignment procedure given below, w i l l  reduce t h e s e  e f f e c t s .  

Make a ho r i zon ta l ,  unexpanded laser beam i n c i d e n t  on t h e  beam 

s p l i t t e r  a t  an angle  of about 45 degrees.  

f a c e  of t h e  beam s p l i t t e r  has  previously been made ho r i zon ta l .  

w i l l  be s p l i t  i n t o  two beams. Pos i t i on  M and M s o  t h a t  each mir ror  

The normal of t h e  primary sur -  

The beam 

1 2 
receives one of t h e  s p l i t '  beams near i t s  cen te r .  

M about t h e i r  v e r t i c a l  and ho r i zon ta l  axes s o  t h a t  each d i r e c t s  t h e  s p l i t  

beam toward where i ts  as soc ia t ed  corner cube w i l l  be  loca ted .  

Turn mir rors  M and 1 

2 

The next  s t e p ,  which can be  omit ted,  is t h e  minimal alignment e f f o r t  

A test s tand  can be used t o  make t h e  s p l i t  beams both r e f e r r e d  t o  above. 

h o r i z o n t a l  and p a r a l l e l  t o  a good approx5mation. This  r i g i d  test s tand  

would be made wi th  two holes  a t  t h e  same he igh t  above a r e fe rence  l e v e l  

as t h e  he ight  of t h e  o r i g i n a l  beam before  i t  w a s  s p l i t .  The holes  should 

be  spaced t h e  same d i s t a n c e  a p a r t  as t h e  sepa ra t ion  of t h e  beams j u s t  

a f t e r  they leave mi r ro r s  M 

t o  t h e  s i z e  of t h e  unexpanded laser beam i n  t h i s  region. 

and M2. The ho le  s i z e  should b e  comparable 1 
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Next, p l a c e  t h e  corner  cubes i n  p o s i t i o n .  The corner  cubes are 

placed on t h e  same diameter of t h e  g r a t i n g  t a b l e  a t  oppos i t e  s i d e s  of 

t h e  g r a t i n g ,  They should be  posi t ioned so t h a t  they are a t  about t h e  

same r a d i a l  d i s t a n c e  from t h e  c e n t e r  of t h e  t a b l e  and on about t h e  same 

diameter.  However, a n  alignment e f f o r t  t o  p l a c e  t h e  corner  cubes a t  

e x a c t l y  t h e  same r a d i a l  p o s i t f o n  and e x a c t l y  on t h e  same diameter is n o t  

necessary because, as Marzolf (8) has shown, cen te r ing  e r r o r s  produce no 

i n t e r f e r e n c e  e f f e c t s .  Marzolf a l i g n s  t h e  corner  cubes so t h a t  t h e  corner 

lines appear superimposed when looking a t  t h e  r e f l e c t e d  images of the 

corner  cubes from t h e  p o s i t i o n  where t h e  d e t e c t o r  w i l l  be  loca t ed .  This 

should assure t h a t  t h e  f r o n t  f a c e s  of t h e  corner  cubes are very nea r ly  

p a r a l l e l .  

The s p l i t  beams w i l l  b e  d i sp l aced  downward and r e f l e c t e d  toward 

mirrors M One 

s p o t  on each is t h e  p o i n t  where t h e  s p l i t  beam leaves t o  proceed toward 

i t s  corner  cube. The o t h e r  s p o t  on each mi r ro r  is where t h e  s p l i t  beams 

r e t u r n .  

one s p o t  on each mirror .  Some f i n e  adjustment of M and M may a l s o  be 

necessary.  When t h i s  merger occurs ,  t h e  r e t u r n i n g  beams w i l l  co inc ide  

wi th  t h e  s p l i t  beams heading toward t h e f r  r e s p e c t i v e  corner  cubes, and 

circular f r i n g e s  w i l l  b e  observed. Last of a l l ,  pos f t fon  the f r i n g e  

d e t e c t o r  so  t h a t  i t  is centered i n  t h e  central f r i n g e .  

and M4. Two red s p o t s  w i l l  be  seen on M1 and two on M 3 2 '  

Adjust M and M4 s o  t h a t  t h e  two s p o t s  on each mirror  merge i n t o  3 

1 2 



CHAPTER X 

SPECIFICATIONS OF COMPONENTS 

The continuous helium-neon gas laser is an excellent source of light 

for interferometric work, 

very nearly monochromatic light, 

longitudinal mode have a long coherence length which is desirable for 

a long path difference interferometer. 

It is a readily available, intense source of 

Lasers which operate with only one 

The strong intensity of a laser 

source simplifies the problem of amplifying the detector output. 

131 Spectra-Physics laser was used when the interferometer was set up. 

A model 

The beam splitter is a rectangular plate, 1,5 x 1 x 3 .8  inches, made 

of annealed BK7 glass. 

the back surface has a multilayer antireflection coating, 

were designed for a laser beam polarized normal to the place of incidence. 

Transmission equals reflectance within 2-3 percent and absorption is less 

than 9.2 percent, 

beam splitter’s position about a horizontal axis in its plane. 

The front surface has a dielectric coating, and 

These coatings 

The beam splitter mount provides fine adjustment of the 

The four front surface mirrors are made of high quality borosilicate 

glass with a metallic coating, 

within one-fourth of the wavelength, and the reflectivity is 95 percent, 

Two of the mirrors (M1 and M 

diameter of each is 2.0 inches. 

Figure 9) are square, and the length of each side is 2.0 inches. 

The front surface of each is flat to 

in Figure 9, page 4 6 )  are round, and the 

The other two mirrors (M3 and M4 in 
2 

The 
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mount f o r  each mir ror  provides  f i n e  adjustment of t h e  m i r r o r ' s  p o s i t i o n  

about v e r t i c a l  and h o r i z o n t a l  axes  i n  t h e  p lane  of t h e  mirror .  

The matched corner  cubes are made of BK7 g l a s s ,  and each has a 1.0  

inch a p e r t u r e ,  The edges of t h e  corner  cubes are knife-edged, r a t h e r  

than  l eve led ,  t o  reduce beam s c a t t e r  by t h e  edges. 

d i s t o r t i o n  is less than one-tenth of a wavelength, 

p ~ o ~ i d e s  10  arc-second p r e c i s i o n  on t h e  p a r a l l e l i s m  of beam r e t u r n ,  

beam s p l i t t e r ,  p lane  f r o n t  mi r ro r s ,  and corner  cubes were obtained from 

T o t a l  wave f r o n t  

Each corner  cube 

The 

Spec ia l  Opt ics ,  Cedar Grove, New Je r sey .  

The d e t e c t o r  is a f i e l d  e f f e c t  t r a n s i s t o r  packaged i n  a case w i t h  

a g l a s s  l e n s  top. 

i n  Figure  11, This  c i r c u i t  w a s  suggested i n  t h e  l i t e r a t u r e  suppl ied  wi th  

The d e t e c t o r  is used i n  the ope ra t iona l  c i r c u i t  shown 

Figure  11. Operat ional  c i r c u i t  f o r  t h e  d e t e c t o r .  
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the detector by the manufacturer, Crystalonics, Cambridge, Massachusetts. 

A voltmeter placed across the 10 kilo-ohm variable resistor served as a 

meter. 

on the detector varies, 

markers desired. 

The voltage across this resistor will vary as the light intensity 

This varying voltage can be used to provide the 



CHAPTER X I  

SUGGESTSONS 

The fol lowing suggest ions are made f o r  t h e  use  of t h e  in te r fe rometer  

i n  t h e  i n f r a r e d  spectrometer where i t  is t o  b e  placed,  

s u ~ g e s t ~ o n s  may be  h e l p f u l  f o r  o t h e r  a p p l i c a t i o n s  of t h i s  i n t e r f e romete r ,  

Some of t h e s e  

A l o s e r  which has two o r  t h r e e  l o n g i t u d i n a l  modes present  might be  

t r i e d  f i r s t ,  

d i n a l  mode laser, 

is not  enough, then  t h e  s i n g l e  mode laser should b e  used, 

i n t e n s i t y  of t h e  laser chosen should be  s t a b l e ,  

This type of laser is not  as expensive as a s i n g l e  longi tu-  

Jtf t h e  maximum path  d i f f e r e n c e  allowed by v i s i b i l i t y  

The l i g h t  

Try mounting t h e  corner  cubes on t h e  g r a t i n g  t a b l e  first, A s p e c i a l  

mount made of invar  w i l l  be needed only i f  temperature f l u c t u a t i o n s  are a 

problem, 

out  i n t e r f e r i n g  wi th  t h e  g r a t i n g  t a b l e ,  

mount should be ornetred, un le s s  necessary.  

I f  needed, t h e ’ s p e e i a l  mount w i l l  be  d i f f i c u l t  t o  p l ace  with- 

For this reason t h e  s p e c i a l  

A beam expander may be  needed t o  remove t h e  s l i g h t  divergency of 

t h e  laser beam and t o  make f u l l  use  of t h e  a v a i l a b l e  o p t i c a l  a p e r t u r e  

i n  t h e  system, 

t h a t  t h e  beam s p l i t t e r  is mounted on, 

The beam expander should b e  mounted on t h e  same base  

I f  v a r i a t i o n  of l i g h t  i n t e n s i t y  across  t h e  c e n t r a l  f r i n g e  and 

v a r i a t i o n  of raens i t iv i ty  ac ross  t h e  d e t e c t o r  are a problem, then  a 

p a i r  of o p t i c a l  s t o p s  and a l e n s  should be  used so t h a t  each po in t  i n  
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t h e  c e n t r a l  f r i n g e  is imaged a t  every p o i n t  of t h e  d e t e c t o r .  F i r s t ,  a 

c i r c u l a r  a p e r t u r e  s t o p  would be  placed i n  f r o n t  of t h e  d e t e c t o r .  

diameter of t h i s  s t o p  would b e  t h e  smallest diameter which the c e n t r a l  

f r i n g e  w i l l  have. 

d i f f e r e n c e ,  

t h e  a p e r t u r e  s t o p  p a r a l l e l .  

a t  t h e  e x i t  p u p i l  and t h e  d e t e c t o r  placed i n  t h i s  hole .  

The 

The smallest diameter w i l l  occur a t  t h e  l a r g e s t  pa th  

Then, a l e n s  would b e  used t o  make t h e  l i g h t  coming through 

Then, another  a p e r t u r e  s t o p  would be  placed 

The following f o u r  s t e p s  are suggested f o r  checking t h e  inter- 

ferometer:  

Step 1. Record t h e  d e t e c t o r  output  on c h a r t  paper when t h e  d e t e c t o r  

is covered t o  keep o u t  l i g h t .  

t r o u b l e  i n  t h e  d e t e c t o r  o r  t h e  c i r c u i t r y  following i t .  Repeat t h i s  s t e p  

using another  d e t e c t o r  t o  see whether t h e  d e t e c t o r  o r  t h e  c i r c u i t r y  is 

malfunctioning. Once thi 's s t e p  i s  passed, proceed t o  s t e p  two. 

I f  t h e  output varies, then t h e r e  must b e  

Step - 2. U s e  t h e  d e t e c t o r  and its a s s o c i a t e d  c i r c u i t r y  t o  record t h e  

source i n t e n s i t y  d i r e c t l y ,  b e f o r e  it e n t e r s  t h e  beam s p l i t t e r ,  over a 

t i m e  per iod comparable t o  t h e  longes t  s can  t i m e .  

then t h e  source i n t e n s i t y  is varying. 

of t h e  f l u c t u a t i o n  to determine i f  t h i s  f l u c t u a t i o n  w i l l  a f f e c t  the 

accuracy of l i n e  p o s i t i o n  measurements. 

passes  t h i s  s t e p ,  proceed t o  s t e p  t h r e e .  

I f  t h e  va lue  f l u c t u a t e s ,  

Note t h e  frequency and magnitude 

Af te r  t h e  system s u c c e s s f u l l y  

Step 3 .  Monitor t h e  c e n t r a l  f r i n g e  i n t e n s i t y  wi th  t h e  g r a t i n g  t a b l e  

a t  rest f o r  a t i m e  per iod comparable t o  t h e  longes t  scan t i m e .  I f  t h e  

d e t e c t o r  output  varies, then t h e r e  are several p o s s i b l e  sources  of 

e r r o r .  I f  t h e  frequency and amplitude of t h e  f l u c t u a t i o n  i n  d e t e c t o r  
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output  are l a r g e  enough t o  affect  t h e  accuracy of l i n e  p o s i t i o n  measure- 

ments, then  these  poss ib l e  sources  of e r r o r  must be  checked and el iminated 

i f  p resent ,  Monitor t h e  spectrometer tank p res su re  t o  see if t h e  a i r  

pressure  is varying.  Even t h i s  might no t  h e l p  because l o c a l  outgassing i n  

one a r m  of t h e  in te r fe rometer  could have a no t i ceab le  effect ,  and y e t  t h e  

tank pressure  w i l l  appear t o  be  s t a b l e ,  

s u p p ~ r t  f o r  t h e  corner  cubes must b e  checked. 

Temperature v a r i a t i o n  of t h e  

The temperature a t  each 

l o c a t i o n  of a corner  cube should b e  monitored by some remote means while  

t h e  spectrometer tank is  down t o  opera t ing  pressure .  I f  t h e  ra te  of 

temperature v a r i a t i o n  and t h e  amplitude of t h e  temperature v a r i a t i o n  a r e  

l a r g e  enough t o  a f f e c t  t h e  accuracy of l i n e  p o s i t i o n  measurements, then 

an invar  mount must be used f o r  t h e  corner  cubes,  I f  v i b r a t i o n  of t h e  

o p t i c a l  components is suspected,  then  they should be  in su la t ed .  Once 

t h e  t h i r d  s t e p  is passed; proceed t o  s t e p  fou r ,  

Step 4 .  Record t h e  f r i n g e  d e t e c t o r  output  as a scan is made through 

known s p e c t r a l  l i n e s  from 2.5 degrees on one s i d e  of t h e  zero path 

d i f f e r e n c e  p o s i t i o n  t o  2.5 degrees  on t h e  o the r  s i d e .  Make t h e  same 

scan aga in  and check t o  see i f  t h e  known f i n e s  have t h e  same number of 

marker spaces  between them. This  w i l l  check t h e  r e p e a t a b i l i t y  of t h e  

markers, 

momentarily backing up. 

I f  t h e  markers are not  repea tab le ,  t h e  g ra t ing  t a b l e  may be 

The r e g u l a r i t y  of t h e  c h a r t  paper d r i v e  can be 

checked simultaneously i n  t h i s  s t e p  by recording an accura t e  t i m e  marker. 

I f  t h e  in te r fe rometer  performs q u i t e  w e l l ,  then  perhaps i n  t h e  

f u t u r e  t h e  in te r fe rometer  may be  made more s e n s i t i v e  by using more 

corner  cubes as shown i n  Figure 12. This f i g u r e  only shows t h e  corner  
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Figure 1 2 .  Poss ib l e  f u t u r e  o p t i c a l  l ayou t ,  

cubes mounted on t h e  g r a t i n g  t a b l e  and t h e  corner  cubes and f r o n t  s u r f a c e  

m i r r o r s  used f o r  beam r e t u r n ,  The remainder of t h e  o p t i c a l  l ayou t  is t h e  

same as t h a t  shown i n  Figure 6 ,  page 19. 

d i f f i c u l t  t o  achieve,  

shown i n  Figure 92 is a t  a n  ang le  8 from t h e  zero pa th  d i f f e r e n c e  

p o s i t i o n  would be on t h e  o rde r  of 16R sin 9, where R is a d i s t a n c e  

r e l a t e d  t o  t h e  r a d i a l  d i s t a n c e s  of t h e  corner  cube p a i r s .  

d i f f e r e n c e  f o r  t h e  arrangement i n  Figure 12 is approximately twice that 

of t h e  arrangement shown i n  Figure 6 ,  f o r  t h e  same angular  p o s i t i o n  of 

t h e  g r a t i n g  t a b l e  i n  each case, t h e  f r i n g e s  should form and disappear  

about twice as o f t en .  

Such a n  o p t i c a l  l ayou t  may b e  

I n  p r i n c i p l e ,  t h e  pa th  d i f f e r e n c e  when t h e  t a b l e  

Since t h e  pa th  



BIBLIOGRAPHY 



BIBLIOGRAPHY 

1. Ameer, George A. and William M. Benesch, J. Opt. SOC. Am,, 51, 303 
(1961) 

2, Rank, D. H., D, P. Eastman, W. B, Birtley, G. Skorinko, and T, A, 
Wiggins, J. Opt. SOC. Am., 50, 821 (1960). 

Am., 2, 929 (1961). 

Instr., 39, 86 (1968). 

Gebbie, H,. A , ,  K, J, Habell, and S. P. Middleton, Proc, London 2- 

London, E62)9 p. 43, 

3. Rank, D. H., D, P. Eastman, B. S, Rao, and T. A. Wiggins, J. Opt. SOC. 

4, Kuhn, H, GI, E, L, L e w i s ,  D, N. Stacey, and J. M, Vaughn, Rev, Sci. 

5. 
on Optical Instruments Techniques (Chapman and Hall, Ltd., 

6, Sternberg, R. $. and J. F. James, J. Sci, Instr,, 2, 225 (1964). 
7 . Gering, J. Hdq. Air Force Cambridge Res, Lab. (OAR) , L, G. Hanscomb 

Field, Bsdford Massachusetts (private communications) 

8, Marzclf, J. G., Rev, Sci. Instr., 35, 1212 (1964). 
9, Peck, E. R I B  J. Opt.. SOC, Am,, 38, 1015 (1948). 

10, Cook, H. D, and L o  A. Marzetta, J. Res, Nat. Bur. Std., - 65C, 129 
(1961). 

11. Peck, E. R. and S. W. Obetz, J. Opt. SOC, Am., 43, 505 (1953). 

59 



VITA 

William L. Cole was born in Rockwood, Tennessee, on December 17, 

1939. He attended elementary and secondary public schools in Rockwood 

and entered The University of Tennessee at Knoxville, Tennessee, in 

September, 1957. In June, 1961, he received a B.S. degree in Engineering 

Physics from The University of Tennessee and entered the Graduate School 

at The University of Tennessee three months later. 

The author is a member of Sigma Pi Sigma. 

60 


